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Abstract: The PR/SET domain family (PRDM) comprise a family of genes whose protein products
share a conserved N-terminal PR [PRDI-BF1 (positive regulatory domain I-binding factor 1) and
RIZ1 (retinoblastoma protein-interacting zinc finger gene 1)] homologous domain structurally and
functionally similar to the catalytic SET [Su(var)3-9, enhancer-of-zeste and trithorax] domain of
histone methyltransferases (HMTs). These genes are involved in epigenetic regulation of gene
expression through their intrinsic HMTase activity or via interactions with other chromatin modifying
enzymes. In this way they control a broad spectrum of biological processes, including proliferation
and differentiation control, cell cycle progression, and maintenance of immune cell homeostasis.
In cancer, tumor-specific dysfunctions of PRDM genes alter their expression by genetic and/or
epigenetic modifications. A common characteristic of most PRDM genes is to encode for two main
molecular variants with or without the PR domain. They are generated by either alternative splicing
or alternative use of different promoters and play opposite roles, particularly in cancer where their
imbalance can be often observed. In this scenario, PRDM proteins are involved in cancer onset,
invasion, and metastasis and their altered expression is related to poor prognosis and clinical outcome.
These functions strongly suggest their potential use in cancer management as diagnostic or prognostic
tools and as new targets of therapeutic intervention.

Keywords: PRD-BF1 and RIZ homology domain containing gene family; human malignancies;
The Cancer Genome Atlas; genetic alterations; prognosis and therapy

1. Introduction

The PRDM [PRDI-BF1 (positive regulatory domain I-binding factor 1) and RIZ1 (retinoblastoma
protein-interacting zinc finger gene 1) homologous domain containing] gene family is a conserved
subfamily of Kruppel-like zinc finger gene products, which share a conserved N-terminal PR
(PRDI-BF1-RIZ1 homologous) domain, initially identified in two proteins: PRDI-BF1, currently
named PRDM1 and RIZ1, now called PRDM2 [1–3]. Currently, 17 members are reported in humans
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even though two further members are considered as belonging to this family: zinc finger protein,
FOG (friend of GATA-1) family member 1 (ZFPM1; FOG1) and zinc finger protein, FOG family member
2 (ZFPM2; FOG2) [2,4]. The PR domain is a subtype of the SET [Su(var)3-9, enhancer-of-zeste and
trithorax] domain that defines a large group of histone methyltransferases (HMTs), with some of
them functioning as lysine methyltransferases (KMTs) [1–3]. Enzymatic activity has been established
only for a few family members [1–3,5–7]. Otherwise, PRDM proteins (PRDMs) lacking intrinsic
activity are able to directly or indirectly recruit and interact with histone-modifying enzymes to
positively or negatively regulate chromatin structure; these enzymes include HMTs, PRMT5 (protein
methyltransferase 5), LSD1 (lysine specific demethylase 1, KDM1A), histone deacetylases (HDACs),
and histone acetyltransferases (HATs) [1–3]. These molecular features imply their involvement in
epigenetic regulation of gene expression [1–3].

With rare exceptions, the PR domain is generally positioned at the N-terminal region of the
protein, and it is followed by repeated zinc fingers that mediate sequence-specific DNA binding and
protein–protein interactions or play an important role in nuclear import [1–3,8,9]. This capability
provides a high level of complexity and specificity. PRDM proteins connect transcription factors to
target DNA promoters through the recognition of specific consensus sequences or acting as non-DNA
binding cofactors [9,10]. So far, specific consensus DNA sequences and binding partners have been
fully characterized only in a subset of the family members [1–3]. Of note, PRDMs show strong
context dependency through selection of different target promoters, binding sites, and partners [1–3].
Overall, these features contribute to their capability of participating in many developmental processes.
Significant examples are PRDM14, which is essential for pluripotency in embryonic stem cells [11] and
PRDM16, which is an important player in lipid metabolism, adipocyte differentiation, hematopoiesis,
and cardiac development [10,12]. In addition, PRDMs are involved in the transduction of many
signals controlling cell fate and homeostasis [1]. Overall, based on PRDMs molecular structure
and functions, it is conceivable that their alteration may have a pivotal role in many human
diseases, including cancer. Some evidence suggests that PRDMs are involved in human malignancy
through modulation of several processes such as epigenetic modifications, genetic reprogramming,
inflammation, and metabolic homeostasis.

A common characteristic of most PRDM genes is to express two main molecular variants,
one lacking the PR domain (PR− isoform) but otherwise identical to the other PR+ product. These two
isoforms, generated by either alternative splicing or alternative use of different promoters, play opposite
roles, particularly in cancer [1–3]. Specifically, the full-length product usually acts as a tumor suppressor,
whereas the short isoform functions as an oncogene. The imbalance in favor of PR− is observed in
many human malignancies and it can be due to inactivating mutations or silencing of the complete
form and/or to increased expression of the PR− form [2,3].

Here, we summarize the current knowledge on PRDM genes and their products by focusing
mainly on their relationships with oncogenesis. Moreover, we attempt to provide insights for the
future use of PRDMs as diagnostic biomarkers or therapeutic targets, by directly affecting their intrinsic
catalytic activities, or by indirectly affecting their regulated pathways.

2. Role of PRDM Genes in Cancer

An overview of cancer-specific alterations affecting PRDM family members, taking into account
putative causes, produced effects, and underlying molecular mechanisms, is detailed below and
summarized in Table 1.
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Table 1. Cancer specific alterations of PRDM family members.

Gene Symbol (Previous
Symbols/Synonyms) Cancer Type Molecular Alteration Putative Effect/Mechanism References

PRDM1
(PRDI-BF1; BLIMP1)

Lymphoma (Diffuse large B cell lymphoma,
extranodal NK (natural killer)/T-cell lymphoma)

Inactivating mutations,
chromosomal deletion,

and epigenetic silencing Putative tumor suppressor gene. It is downregulated or silenced in human
DLBCL (diffuse large B cell lymphoma) and other haematological

malignancies. The activation of B cell lymphoma (Bcl)-2/Ras pathway
stimulates RelB and p130Cas/ErbB2 invasion leading to its overexpression

[13–46]Breast cancer Upregulated

Lung cancer Downregulated

Glioma Downregulated

PRDM2
(RIZ; RIZ1; RIZ2; KMT8;
MTB-ZF; HUMHOXY1;

KMT8A)

Neuroblastoma, hepatoma, colorectal, ovarian,
and breast cancers, chronic myelocytic leukemia,

non-Hodgkin’s lymphoma, melanoma,
parathyroid adenoma, Merkel cell carcinoma,

and pheochromocytoma

Aberrant isoform expression
Up/downregulated The imbalance of its main protein isoforms, Riz1 and Riz2, (through promoter

DNA methylation, frameshift, and missense mutations) may constitute
an important cause of malignancy with the PR+ plus product commonly lost

or downregulated and the PR− isoform always present at higher levels in
cancer cells.

It modulates estrogen receptor signaling in breast cancer

[3,45,47–85]Colorectal, gastric, endometrial, pancreatic,
Microsatellite instability positive cancers Frameshift mutations

Prostate, endometrial cancer Polymorphisms

Breast carcinomas, liver tumors, colon and
lung cancer Methylation

MECOM
(MDS1-EVI1; PRDM3; KMT8E)

Acute myeloid leukemia Chromosomal rearrangements
or proviral insertion

Tumor suppressor gene: short PR- isoform (EVI1) is overexpressed or
rearranged in cancer

[7,45,86–
127]

Ovarian cancer Downregulated

Colon cancer Integrated bioinformatics and
network analyses

Colorectal cancer Frameshift mutation

PRDM4
(PFM1)

Ovarian, gastric, and pancreatic cancer Deletion Maps to frequently deleted locus (12q23-q24.1). It could contribute to YAP
(yes-associated protein)-induced tumorigenesis possibly via mediating the

expression of other YAP target genes, which finally contribute to cell invasion
and metastasis promotion

[128–130]
Gastric cancer Upregulated

PRDM5
(PFM2)

Breast and ovarian cancer, cervical carcinoma,
liver carcinoma, gastric and colorectal cancer,

lung cancer, nasopharyngeal and
esophageal carcinoma

Silenced

Silenced in several human cancers through aberrant DNA methylation. Ectopic
overexpression induced G2/M arrest and apoptosis in cancer cell lines. Its

tumor suppressor function could be explained at least in part through negative
regulation of aberrant Wnt/β-catenin signaling and oncogene expression

[131–143]

PRDM6
(PRISM; KMT8C)

Bladder cancer Downregulated Transcriptional repressor involved in the regulation of endothelial cell
proliferation, survival and differentiation

[45,144–
146]Breast cancer Susceptibility gene variants

PRDM7
(ZNF910) Hepatocellular carcinoma Upregulated Potentially associated with the risk of developing cancer in a Li-Fraumeni-like

syndrome patients without TP53 mutations [45,147]



Int. J. Mol. Sci. 2020, 21, 2648 4 of 46

Table 1. Cont.

Gene Symbol (Previous
Symbols/Synonyms) Cancer Type Molecular Alteration Putative Effect/Mechanism References

PRDM8
(KMT8D)

Pituitary adenomas Downregulated
Its alterations are mostly associated with metastasis. Mechanistically,

it suppresses the PI3K/AKT/mTOR signaling cascade through the regulation of
nucleosome assembly protein 1-like 1. It could be a driver gene in

pancreas adenocarcinoma

[45,148–
150]

Endometrial cancer Hypomethylated

Hepatocellular carcinoma Downregulated

Pancreas adenocarcinoma Frequently mutated

PRDM9
(MSBP3; PFM6; ZNF899;

KMT8B)

Acute lymphoblastic leukemia and diffuse large
B cell lymphoma

Frequent mutations and rare
allelic variants

Key role in the mechanisms of homologous recombination. Indeed,
it facilitates the association of hotspots with the chromosomal axis and affects
the subsequent programmed DNA double-strand breaks initiation and repair.

Rare allelic variants were associated with acute lymphoblastic leukemia

[6,45,151–
160]

Head and neck squamous cell carcinoma,
endometrial, esophageal, stomach and colon

carcinomas, kidney and lung tumors
and melanoma

PRDM10
(KIAA1231; PFM7; MGC131802)

Soft tissue sarcoma Gene fusions Gene fusions were found in many cases of low-grade undifferentiated
pleomorphic sarcoma. It could influence apoptosis by affecting

Bcl-2 expression

[45,161–
169]

Hepatocellular carcinoma, nasopharyngeal
carcinoma, gastric cancer, rectum cancer

Integrated bioinformatics and
network analyses

PRDM11
(PFM8)

Diffuse large B cell lymphoma Non-synonymous
coding mutations

Its deletion accelerated Myc-driven lymphomagenesis whereas overexpression
induced apoptosis and delayed lymphoma onset in a mouse model.

Part of a ceRNA (competitive endogenous RNA) triple
(miR-21-5p-NKAPP1-PRDM11) associated with the poor prognosis of

lung adenocarcinoma

[170–172]
Lung adenocarcinoma Integrative systems

biology approach

PRDM12
(PFM9)

Chronic myeloid leukemia Chromosome rearrangements Chromosome rearrangements in chronic myeloid leukemia.
Its overexpression showed anti-proliferative properties in vitro

[45,173–
177]Prostate cancer, colon cancer Upregulated

PRDM13
(PFM10)

Medulloblastoma Immunotherapy target

Its overexpression was able to inhibit proliferation, migration, and invasion of
malignant glioma cells.

[45,178–
180]

Prostate cancer Hypermethylated

Head and neck squamous cell carcinoma,
bladder, kidney, lung, cervical,

and colorectal cancers
Upregulated

PRDM14

Lymphoblastic leukemia Upregulated Its aberrant high expression observed in human lymphoid malignancies,
breast cancer, and other neoplasms may be ascribed to either gene

amplification on chromosome 8q13 or copy number gain. Functionally,
its requirement in the stemness phenotypes could also explain the involvement
in the proliferation and migration of cancer cells. However, a dual role, as both
oncogene and tumor suppressor gene, has been recently described in several

human cancers and needs to be investigated

[181–212]
Breast cancer

Gene amplification/copy
number gainLung cancer, head and neck cancer,

germ cell tumors

Cervical, bladder, colon, and lung cancers Promoter methylation

PRDM15
(ZNF298; C21orf83)

Pancreatic cancer Homozygous deletions It modulates the transcription of upstream regulators of Wnt and MAPK-ERK
signaling to safeguard naive pluripotency

[213–216]
Diffuse large B cell lymphoma Recurrent mutations
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Table 1. Cont.

Gene Symbol (Previous
Symbols/Synonyms) Cancer Type Molecular Alteration Putative Effect/Mechanism References

PRDM16
(MEL1; PFM13; KIAA1675;

MGC166915; KMT8F)

Myeloid leukemia
Aberrant isoform
expression/gene
fusion/mutations

As for other PRDM genes, two main products were identified, with the short
PR-l isoform (sPRDM16) displaying oncogenic properties; indeed, this variant

could induce myeloid leukemia in p53 knock-out KO mice and was
responsible for transforming growth factor (TGF)-β resistance in

leukemogenesis. PRDM16 gene fusions with RUNX1 and other partners could
also contribute to these hematological malignancies.

Further genetic and epigenetic alterations have been observed in brain and
other solid tumors, where also the short isoform may function.

Recently, a role in cancer cachexia has been suggested owing to its function in
adipose browning

[45,217–
265]

Prostate cancer Aberrant isoform expression

Brain tumors Upregulated by
hypomethylation

Osteosarcoma, colon cancer, renal cell carcinoma Gene amplification

Leiomyosarcoma, gastric, lung,
and esophageal cancer

Gene deletion/reduced
expression

Skin melanoma, endometrial carcinoma Frequently mutated

ZNF408
(PRDM17; FLJ12827) - - No associations have been found with cancer [58,266]

ZFPM1
(FOG1; FOG; ZNF89A;

ZC2HC11A)

Acute myeloid leukemia,
chronic myeloid leukemia Upregulated

Forced FOG1 (friend of GATA-1) expression in human erythroleukemia cells
suggested an important role in inducing differentiation toward the erythroid

lineage rather than the myelo-lymphoid one by repressing the expression
of PU.1.

Putative cancer driver gene in adrenocortical carcinoma since recurrent
mutations (50%) with a hotspot region were found in this neoplasm. Frequent

mutations were also observed in colon and rectum adenocarcinomas

[45,267–
277]

Adrenocortical carcinoma, colon and rectum
adenocarcinomas Frequently mutated

Testicular germ cell tumors Genome wide association
studies

Lung adenocarcinoma Upregulated by
hypomethylation

ZFPM2
(FOG2; hFOG-2; ZNF89B;

ZC2HC11B)

Ovarian tumors Upregulated

Putative function as tumor suppressor gene. Mostly, it is downregulated and
frequently mutated in many cancer types

[45,278–
295]

Neuroblastoma Downregulated

Mesothelioma Fusion gene

Skin cutaneous melanoma, lung cancers uterine
carcinosarcoma, esophageal carcinoma, stomach

and rectum adenocarcinoma
Frequently mutated
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2.1. PRDM1

PRDM1/BLIMP1 (B lymphocyte-induced maturation protein-1) was firstly identified as a repressor
of human β-interferon gene expression [13]. Then, it appeared as a pleiotropic regulatory factor
participating at the B lymphocyte terminal differentiation [14]. PRDM1/BLIMP1 is also expressed
in T and NK (natural killer) cells where it regulates their homeostasis [15–17]. The human gene is
localized on chromosome 6q21-q22.1, a locus frequently deleted in lymphoid tumors. It encodes for
a transcription repressor and it is a well-established tumor suppressor gene in human DLBCL (diffuse
large B cell lymphoma) and in other hematological malignancies [17,18]. Initially, in 2006, structural
alterations inactivating PRDM1/BLIMP1 were identified in DLBCLs in two independent studies [19,20].
Since then, various evidence has indicated that PRDM1/BLIMP1 acts as a tumor suppressor gene in
different types of lymphomas derived from B, T, and NK cells, and has a role in the pathogenesis of
these diseases [18,21–27]. Particularly, disruption of PRDM1/BLIMP1 function is frequently observed
in the activated B-cell-like (ABC) subtype of DLBCL by distinct mechanisms including inactivating
mutations, chromosomal deletion, and epigenetic silencing [20,24,25]. Of note, a more recent study
demonstrated that its genetic loss could contribute to the overall poor prognosis for ABC-DLBCL but
not germinal center B-cell-like (GCB)-DLBCLs. Furthermore, the lack of BLIMP1 expression correlated
with an impaired p53 signaling pathway and Myc overexpression; gene expression profiling data also
indicated that inactivated BLIMP1 could facilitate DLBCL progression through Myc and BCR (B cell
receptor) signaling, which are essential for ABC-DLBCL survival [26]. Its inactivation was also found to
be mutually exclusive with B cell lymphoma (BCL)6 alterations thus suggesting a further mechanism of
transcriptional repression by constitutively active BCL6 [27]. Its involvement in these malignancies is
also corroborated by both functional studies and mouse models; indeed, conditional deletion of Prdm1
in mouse B cells induced the activation of B cells with enhanced proliferative capacity. These cells
failed to undergo terminal differentiation, because of the altered expression regulation of genes relevant
for cell cycle progression [27]. In addition, PRDM1 ectopic expression in a DLBCL-derived cell line
triggered cell cycle arrest [27]. Interestingly, this result was also achieved in other cellular settings [28].
Nevertheless, since Prdm1-null mice exhibited a long latency of lymphomagenesis, the requirement
of additional oncogenic hits for DLBCL development was suggested. Consistently, an in vivo study
showed that mouse Prdm1 deletion cooperated with constitutive activation of the NF-κB pathway to
support a neoplastic phenotype [29].

Recent high-throughput molecular and genomic profiling analyses have significantly contributed to
the understanding of the molecular basis of T and NK cell lymphomas. For instance, array comparative
genomic hybridization and gene expression profiling in extranodal NK/T-cell lymphoma (EN-NK/T)
revealed that the most frequently deleted chromosomal region 6q21-6q25, induced a downregulation
of several tumor-suppressor genes including PRDM1 [17,30]. Once again, its inactivation might be
also due to PRDM1 gene mutation, aberrant miRNA upregulation, and/or other epigenetic changes
such as hypermethylation [31,32]. Notably, PRDM1 expression exerted an effect on the patient
outcome [30,32,33]. Thus, PRDM1 expression could be endowed with an important clinical prognostic
value, and its inactivation could be an important pathogenetic mechanism for EN-NK/T-NT (nasal
type). Accordingly, a study employing a semi-quantitative RT-PCR assay showed that the average
PRDM1 expression levels in neoplastic samples were significantly lower than those in normal NK cells
used as control [32]. Likewise, PRDM1 expression was related with the stage of the disease and had
a positive effect on prognosis [32]. A more recent analysis revealed a low PRDM1 expression in the
majority of EN-NK/T-NT cases, and established the effect of PRDM1 expression on the prognosis of
this malignancy [30].

PRDM1 does not have an intrinsic methyltransferase activity and exerts its functions through
interaction with HDACs and G9a or by directly binding and repressing Myc transcription factor [34,35].
PRDM1 mutations occurred in patients with plasmablastic lymphoma; interestingly, in this rare
neoplasm, PRDM1 genetic alterations did not impair terminal B-cell differentiation, but contributed to
the oncogenicity of MYC, which is usually dysregulated by translocation or amplification. Aberrant
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co-expression of MYC and the full-length isoform of PRDM1, PRDM1α, due to genetic changes
was responsible for the phenotype of plasmablastic lymphoma cases [36]. This is in accordance
with the study on ABC-DLBCL patients where the lack of BLIMP1 expression correlated with Myc
overexpression [26].

Altered expression of PRDM1 has also been investigated in several non-hematopoietic cancer
cells. For instance, higher PRDM1 expression was detected in estrogen receptor alpha (ERα)-negative
breast cancer cells and primary breast tumors [37]. Mechanistically, B cell lymphoma (Bcl)-2, induced
by RelB, interacts with and activates Ras in the mitochondrial membrane. The activation of Bcl-2/Ras
pathway leads to the expression of PRDM1/BLIMP1 gene. In turn, PRDM1/BLIMP1 downregulates
ERα gene expression by direct binding to its promoter, thus promoting a reduction in the levels of
E-cadherin and γ-catenin and a corresponding increase in migratory phenotype of breast cancer cells
(Figure 1A) [37]. Interestingly, a later study demonstrated that PRDM1/BLIMP1 played an essential role
in transforming growth factor (TGF)-β1-induced epithelial–mesenchymal transition (EMT) signature
and cell migration of breast cancer cells via BMP-5 repression (Figure 1B) [38]. Additionally, both in vitro
and in vivo models have recently described the role of PRDM1/Blimp1 in p130Cas/ErbB2 breast cancer
invasion; particularly, Blimp1 was highly expressed during p130Cas/ErbB2 dependent invasion in
breast cancer cells and the downregulation of its expression was sufficient to severely impair tumor
invasiveness in vitro and lung metastasis formation in vivo [39]. In addition, PRDM1 expression
positively correlates with a higher probability of developing multiple metastasis in patients with high
p130Cas, supporting the major role played by p130Cas in Blimp1-mediated invasion [39]. Additionally,
this study showed that Blimp1 expression was negatively regulated by mir-23b, suggesting a role as
a tumor suppressor for this miRNA in p130Cas/ErbB2 cells. Altogether, the miR-23b impairment and the
ErbB2/p130Cas/MAPK axis activation could increase PRDM1/Blimp1 expression level, thus mediating
cell invasion (Figure 1C) [39].
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Figure 1. PRDM proteins contribution in the mechanisms related to invasiveness and metastasis.
This scheme illustrates the proposed molecular mechanisms involving some PRDMs during invasion
and metastasis. (A) Higher PRDM1 expression is detected in estrogen receptor alpha (ERα)-negative
breast cancer cells and primary breast tumors. Mechanistically, Bcl-2, induced by RelB, interacts with and
activates Ras in the mitochondrial membrane. In turn, Ras induces the expression of PRDM1/BLIMP1,
which downregulates ERα gene expression by direct binding to its promoter, thus promoting a reduction
in the levels of E-cadherin and γ-catenin and a corresponding increase in the migratory phenotype of
breast cancer cells. The lymphocyte lineage-restricted transcription factor Aiolos negatively regulates
PRDM1 and p66Shc transcription; in addition, loss of PRDM1 expression reduces the expression of p66Shc.
Thus, the absence of PRDM1 protein promotes cancer cell invasion and at the same time confers anoikis
resistance to the cancer cell. (B) TGF-β1 promotes PRDM1/BLIMP1 gene transcription via c-Raf and
AP-1 pathway. Blimp1, in turn, by reducing the expression of BMP-5, induces the expression of SNAI1,
the epithelial–mesenchymal transition (EMT) master regulator. (C) The miR-23b downmodulation
and the ErbB2/p130Cas/MAPK axis activation increases the expression of the transcriptional repressor
PRDM1/Blimp1, thus mediating cell invasion. (D) PRDM3 synergizes with FOS in expression regulation
of gene products controlling cell invasion. PRDM4 mediates cell invasion by interacting with YAP
at ITGB2 gene promoter. PRDM13 upregulates DLC1 and ARHGAP30 proteins thus inhibiting cell
invasion. (E) PRDM2 controls the expression of several genes involved in EMT, with vimentin being
the most significantly regulated gene. PRDM16 inhibits EMT by repressing the transcription of MUC4.
(F) The miR-424→cdc42→prdm14 axis controls cell invasion. In particular, miR-424 knockdown induces
expression of Cdc42 that in turn positively regulates PRDM14 through the activation of Pak1 and
Stat5. PRDM14 promotes cell migration by regulating the expression level of matrix metalloproteinase
(MMP)/tissue inhibitor of metalloproteinases (TIMP). Knockdown of PRDM14 reduced cancer stem
cell phenotypes via miR-125a-3p and Fyn expression regulation in pancreatic cancer (see text for
additional details).
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In colorectal tumor cells, PRDM1 knockdown by small-interfering RNA (siRNA) results in both
apoptosis and growth arrest through regulation of p53 transcription. Interestingly, both p53 mRNA
and protein levels are considerably increased after PRDM1/BLIMP1 depletion, which is accompanied
by the induction of p53 target genes. Thus, PRDM1/BLIMP1 binds to the TP53 promoter and represses
its transcription. p53, in turn, binds to and positively regulates PRDM1/BLIMP1 (Figure 2) [40]. As for
other members of the PRDM family, the existence of an alternative protein product of the PRDM1
gene was previously described in myeloma cell lines; this protein, named PRDM1β, is generated by
alternative transcription initiation using an internal promoter and it has a disrupted PR domain and
lacks the amino-terminal 101 aa of the originally described protein [41]. Noteworthy, a recent study
showed that PRDM1β was a p53-response gene in human colon organoids and low PRDM1 expression
could predict poor survival in colon cancer patients [42]. However, today the functional role of these
protein isoforms still needs to be elucidated.
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Figure 2. PRDM proteins action in the regulation of apoptosis genes expression. Although the precise
and direct involvement of PRDMs in apoptosis is not completely unravelled, it is established that they
are able to control the expression of several genes participating in this biological process, like BCL-XL,
BCL2, and TP53 among the others. This scheme illustrates the regulation of apoptotic genes by PRDMs
where a direct link was demonstrated (see text for additional details).

PRDM1 is also associated with glioma malignancy [43]. Indeed, PRDM1 expression levels
decreased significantly with ascending glioma grade and correlated positively with Dickkopf-1 LDL
low-density lipoprotein (DKK1) levels. In addition, PRDM1 reduced the expression of DKK1 thus
exerting its antitumor effect via antagonizing the activity of Wnt/β-catenin pathway (Figure 3A) [43].

Reduced expression of PRDM1 has also been associated with poor prognosis in lung cancer where
it can promote cellular invasion and anoikis resistance in vitro and metastasis in vivo. Specifically,
the ectopic expression of the transcription factor Aiolos induced anoikis resistance to cancer cells
by downregulating PRDM1. The transcription of these two genes was negatively correlated in 206
lung epithelial cell lines and reduced the expression of p66Shc. Thus, PRDM1 deprivation induced
cancer metastasis through cell invasion promotion and anoikis resistance through p66Shc transcription
decrease (Figure 1A) [44].

Interestingly, our recent pan-cancer analysis of The Cancer Genome Atlas (TCGA) datasets also
confirmed that PRDM1 gene is often genetically altered in DLBCL, with 8.2% mutation frequency [45].
Additionally, mutations were revealed in some solid tumors, such as skin cutaneous melanoma and
uterine carcinosarcoma, which displayed more than 5% of patients carrying PRDM1 mutations [45].

Overall, these literature data established a key role for this gene and its protein products in both
hematological and solid malignancies; more importantly, they also provided the mechanisms to target
them in cancer therapy. Indeed, recent findings suggest that PRDM1/BLIMP1 expression could be
restored through the use of pan-HDAC inhibitors like vorinostat [46].



Int. J. Mol. Sci. 2020, 21, 2648 10 of 46

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 44 

 

Reduced expression of PRDM1 has also been associated with poor prognosis in lung cancer 
where it can promote cellular invasion and anoikis resistance in vitro and metastasis in vivo. 
Specifically, the ectopic expression of the transcription factor Aiolos induced anoikis resistance to 
cancer cells by downregulating PRDM1. The transcription of these two genes was negatively 
correlated in 206 lung epithelial cell lines and reduced the expression of p66Shc. Thus, PRDM1 
deprivation induced cancer metastasis through cell invasion promotion and anoikis resistance 
through p66Shc transcription decrease (Figure 1A) [44]. 

Interestingly, our recent pan-cancer analysis of The Cancer Genome Atlas (TCGA) datasets also 
confirmed that PRDM1 gene is often genetically altered in DLBCL, with 8.2% mutation frequency 
[45]. Additionally, mutations were revealed in some solid tumors, such as skin cutaneous melanoma 
and uterine carcinosarcoma, which displayed more than 5% of patients carrying PRDM1 mutations 
[45]. 

Overall, these literature data established a key role for this gene and its protein products in both 
hematological and solid malignancies; more importantly, they also provided the mechanisms to 
target them in cancer therapy. Indeed, recent findings suggest that PRDM1/BLIMP1 expression could 
be restored through the use of pan-HDAC inhibitors like vorinostat [46]. 

 
Figure 3. PRDM proteins participation in signal transduction pathways, proliferation, and gene 
expression regulation. PRDM proteins play a pivotal role in the transduction of signals that control 
cell proliferation and differentiation. (A) PRDM1 and PRDM5 antagonize the Wnt/β-catenin pathway. 
PRDM1 reduces the expression of DKK1 while PRDM5 forms a chromatin complex with CBP, TCF, 
and β-catenin that prevents Wnt target gene expression. (B) PRDM2/RIZ1 counteracts the insulin-like 
growth factor-1 (IGF-1) receptor and the downstream signaling component ERK1/2 and AKT. PRDM8 
suppresses the PI3K/AKT/mTOR signaling cascade through the regulation of nucleosome assembly 
protein 1-like 1 (NAP1L1). (C) The PRDM2 gene product, PRDM2a/RIZ1, is a downstream effector of 
estrogen action and is related to estrogen-regulated cancer cell proliferation. ERα modulates the 
PRDM2/RIZ isoforms intracellular concentration ratio, by an indirect and selective decrease of RIZ1 
expression and a transcriptional activation of RIZ2. (D) TGF-β signaling plays important roles in 
cytostasis and normal epithelium differentiation, and alterations in TGF-β signaling have been 

Figure 3. PRDM proteins participation in signal transduction pathways, proliferation, and gene
expression regulation. PRDM proteins play a pivotal role in the transduction of signals that control
cell proliferation and differentiation. (A) PRDM1 and PRDM5 antagonize the Wnt/β-catenin pathway.
PRDM1 reduces the expression of DKK1 while PRDM5 forms a chromatin complex with CBP, TCF,
and β-catenin that prevents Wnt target gene expression. (B) PRDM2/RIZ1 counteracts the insulin-like
growth factor-1 (IGF-1) receptor and the downstream signaling component ERK1/2 and AKT. PRDM8
suppresses the PI3K/AKT/mTOR signaling cascade through the regulation of nucleosome assembly
protein 1-like 1 (NAP1L1). (C) The PRDM2 gene product, PRDM2a/RIZ1, is a downstream effector
of estrogen action and is related to estrogen-regulated cancer cell proliferation. ERα modulates the
PRDM2/RIZ isoforms intracellular concentration ratio, by an indirect and selective decrease of RIZ1
expression and a transcriptional activation of RIZ2. (D) TGF-β signaling plays important roles in
cytostasis and normal epithelium differentiation, and alterations in TGF-β signaling have been identified
in many malignancies. MEL1/PRDM16 interacts with SKI and inhibits TGF-β signaling by stabilizing
the inactive Smad3-SKI complex on the promoter of TGF-β target genes. PRDM3 negatively regulates
TGF-β signaling through binding and inactivating SMAD3 proteins. (E) PRDM14 binds an intron of
NOTCH1 gene and modifies the chromatin structure (H3K4me3) allowing access of the RAG recombinase
complex. RAG deletes part of the NOTCH1 promoter and consequently a truncated, ligand-independent
Notch1 protein is produced. (F) PRDM3 through its first zinc finger domain, associates and inhibits
JNK activity, thus protecting cells from stress-induced cell death that is dependent on JNK activation.
Otherwise, PRDM5 upregulates JNK expression. (G) PRDM11 represses the oncogenes Fos and Jun
that are frequently induced by aberrant growth factor signaling or oncogenic activation of MAP kinase
signaling, such as constitutively active RAS. PRDM3 downregulates SERPIN-B2 gene that might play
an important role in enhancing cell proliferation by preventing protection of Rb proteolysis and/or in the
suppression of cell differentiation. PRDM13 inhibits cell proliferation by upregulating INCA1, a CDK
inhibitor and ADAMTS12, a novel antitumor protease that modulates the extracellular signal-regulated
kinase signaling pathway. (H) Hypoxia-induced miR-214 inhibits PRDM16 expression, thus promoting
both cell proliferation and migration and enhancing the Warburg effect.
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2.2. PRDM2

PRDM2 is localized in a chromosome region (1p36), which is commonly affected by genetic
alterations in a broad range of human malignancies thus suggesting a tumor-suppressor role for
this gene ([3] and references therein). Two main protein products, known as RIZ1 (PR+) and RIZ2
(PR−), with and without the PR domain, are generated by an internal promoter [47]. As proposed
for other PRDMs, their imbalance may constitute an important cause of malignancy with the PR+

product commonly lost or downregulated and the PR− isoform always present at higher levels
in cancer cells [48–50]. Indeed, both genetic inactivation or epigenetic silencing of RIZ1 and/or
an increase of RIZ2 expression levels were frequently revealed in many human cancer tissues and
cell lines [45,51]. This observation suggested that RIZ1 could negatively regulate cell growth and
tumorigenesis whereas RIZ2 could be necessary for oncogenesis by promoting cell proliferation
through its mitogenic activity [52,53]. RIZ2 oncogenic properties were linked to the first cluster of
Zn-fingers since stably transfected MCF-7 cells, in both estrogen deprivation or stimulation conditions,
showed an increased proliferation compared to control cells and reduced responsiveness to the growth
inhibitory effect of anti-estrogens, conceivably due to the altered expression of proteins involved in
cell proliferation and differentiation [53,54]. However, the functional difference in chromatin structure
regulation between RIZ proteins, through the PR domain, may also account for their opposite roles in
tumorigenesis [8]. Riz1 knockout mice, carrying normal Riz2, were tumor prone in both wild-type
and mutant p53 genetic backgrounds. Indeed, an accelerated tumorigenesis was associated with Riz1
deficiency (Riz1-/-) on the p53+/- background [55]. Interestingly, this Riz1-p53 cooperation was also
found in many human tumors [51,55].

Several studies have established a role for PRDM2 in tumors that acquire chromosomal instability
(CIN) [56,57]. Indeed, frameshift mutations of microsatellite repeats localized in the C-terminal coding
region were frequently detected in colorectal, gastric, endometrial, and pancreatic microsatellite
instability (MIN) positive cancers [56–59]. Mostly, these mutations were 1- or 2-bp deletions in
two coding poly-adenosine tracts of PRDM2 gene [56–59]. In a recent TCGA analysis, a somatic
frameshift mutation in the (A)9 tract was found as a microsatellite indel driver hotspot in 48% of
stomach tumors [60]. This finding suggested for the first time a role for PRDM2 as a cancer driver
gene [60]. Despite their high occurrence, the functional significance in tumorigenesis of these C-terminal
PRDM2 truncated forms induced by frameshift mutations is still unknown and deserves investigation.
Interestingly, the restoration of the wild-type PRDM2 gene sequence of one mutant c.4467delA allele
by genome editing in homozygous mutant human colorectal cancer cells, repaired its H3K9me2
activity, impaired tumor cell growth, reduced anchorage-independent growth, cellular migration,
and colony forming ability in vitro, as well as decreased the tumor growth in a mouse xenograft
model [61]. Furthermore, H3K9me2 activity restoration determined the downregulation of several
genes involved in cancer pathways, mostly of EMT, thus contributing to a more aggressive cancer
phenotype (Figure 1E) [61]. In addition, frameshift mutations in the (A)9 tract were also found in
samples of malignant melanoma and nevi [62] and in leukemia cell lines [63]. Interestingly, in most
cases of MIN pathway cancers these frameshift mutations were biallelic or homozygous/hemizygous,
indicating that PRDM2 follows the two-hit model of tumor suppressor genes, with one hit achieved
either by mutations/deletions affecting the PR domain or by frameshift mutations in the 3′ end affecting
the interactions between the N-terminal PR domain of RIZ1 and its C-terminal region, including the
PR-binding motif [59]. Recently, our mutational analysis of TCGA datasets found that the PRDM2
gene is often altered in stomach, colon, and endometrial carcinomas, with a mutation frequency higher
than 5% [45].

Interestingly, some PRDM2 polymorphisms have also been associated with
carcinogenesis [3,63–66]. RIZ1 loss or its nuclear-cytoplasmic localization switch also occurred in
prostate and endometrial cancer cells and tissues, with a RIZ1 staining intensity decrease from highly
to poorly differentiated tumors [67,68].
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A CpG island in the PRDM2/RIZ1 promoter is frequently methylated in many cancer types,
such as breast carcinomas and liver tumors, as well as in colon and lung cancer cell lines [69,70].
Additionally, epigenetic silencing of RIZ1 expression was also detected in pituitary adenomas and
nasopharyngeal carcinoma specimens [71,72]. In most of these cases, mutations in PRDM2 gene were
not detected [64,65] suggesting that DNA methylation would be the preferred mechanism of RIZ1
inactivation in these malignancies [69].

Mechanistically, the role of PRDM2 products in cancer can be explained partly through its
known functions. For instance, many cancers show an increased activation of insulin-like growth
factor-1 (IGF-1) signaling pathways and PRDM2a/RIZ1 is able to counteract the IGF-1 receptor and the
downstream signaling cascade components ERK1/2 and AKT (Figure 3B) [73]. Furthermore, it is well
documented that PRDM2/RIZ1 isoform is a downstream effector of estrogen action in target tissues
(Figure 3C) [1,3,49,74–77]. Indeed, estradiol induced a proliferation increase in both estrogen-responsive
cells and estrogen target tissues and this increase was correlated to a modulation of the expression of RIZ
isoforms, mainly a selective decrease of RIZ1 expression, with a consequent shift in the balance of their
intracellular concentrations [49,74–77]. The estrogen-induced effect on RIZ1 expression was indirect,
whereas the transcriptional activation of RIZ2 was a direct estrogen receptor-mediated effect induced by
estradiol [76]. Noteworthy, a later study demonstrated that estradiol induced the preferential synthesis
of transcripts with exon 9a, whereas it reduced those containing exons 9b and 10 [78]. The significance
and the possible different functions of these diverse RNA tails are still unknown. A possible explanation
could be the presence of recognition consensus sequences for several miRNAs in the exon 9, as revealed
by bioinformatics analysis, since various miRNAs are known to regulate estradiol response in breast
cancer cells [79]. Additionally, estradiol could increase RIZ2 expression levels through the induction of
MYC gene expression; indeed, RIZ2 promoter contains a conserved canonical c-Myc binding site [76].
Interestingly, PRDM2/RIZ1 was involved in the mediation of androgen and estrogen effects also in
non-classic estradiol target tissues like prostate [67]. In addition, a selective expression of PRDM2/RIZ1
was correlated with induced myeloid cell differentiation thus suggesting the role of PRDM2 gene
products in the proliferation/differentiation switch [80].

The PR domain of PRDM2/RIZ1 itself showed growth inhibitory and anticancer activities; indeed,
it increased cell death when transfected in human hepatoma HuH7 cells [81]. Likewise, it inhibited
cell proliferation and induced apoptosis in cultured primary meningioma cells and limited xenograft
high-grade meningiomas tumor growth in nude mice through its methyltransferase activity [82].
Through this mechanism, the PR-domain modulated the expression of many genes involved in
important cellular processes, including the downregulation of the MYC oncogene and the upregulation
of the tumor suppressor thioredoxin binding protein (TXNIP), which increased reactive oxygen
species production and oxidative stress, resulting in cellular apoptosis [82]. More recently, a study
demonstrated that PRDM2/RIZ1 could lead to G2/M arrest of meningioma cells by acting on the
expression of the checkpoint protein UbcH10, an important member of the ubiquitin-conjugating
enzymes family, through c-Myc degradation [83].

For effective PRDM2/RIZ1 tumor suppressor activity, the PR-binding motif is required [84].
Specifically, tumor suppressor function requires the establishment of the H4K20me1-H3K9me1
trans-tail ‘histone code’ at specific loci through the direct interaction of RIZ1 PR-binding motif to
PR-Set7 monomethyltransferase, an essential component of the mammalian cell cycle, which is needed
for proper DNA replication and mitosis, thus hypothesizing an additional mechanism of action [84].
RIZ1 and PR-Set7 might cooperate in DNA replication to prevent aberrant genome duplication [84]
and in mitotic chromosome segregation to prevent genomic instability [84]. Since the loss of PR-Set7
produced persistent DNA double-strand breaks (DSBs), it was conceivable that H4K20me1, and possibly
Riz1-mediated H3K9me1, had a role in DNA repair [84]. Accordingly, a more recent study suggested
PRDM2/RIZ1 as a component of the DSB repair complex, which is essential for ensuring accurate
repair outcome and genomic integrity maintenance (Figure 4) [85]. Essentially, it would cooperate
with the macrohistone variant mH2A1.2 to direct the choice between the antagonistic DSB repair
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mediators, BRCA1 and 53BP1. As shown in Figure 4, PARP is recruited at DSBs where it catalyzes
the formation of poly (ADP-ribose) chains, facilitating the docking of an MRN complex to the DSB.
The MRN complex, with its nuclease activity and DNA binding capability, is involved in the initial
processing of DSBs. Subsequently, ataxia telangiectasia mutated (ATM) kinase induces the recruitment
of the mH2A1.2/RIZ1 complex at DSB sites. The mH2A1/RIZ1 module enables a dynamic switch
in chromatin conformation through H3K9me2 mediated by the PRDM2 methyltransferase. Then,
a homologous recombination and repair through BRCA1 follows [85].

Altogether, several results indicate that RIZ1 has tumor suppressor activities, whereas RIZ2
could function as an oncogene with putative intrinsic growth-promoting properties; however,
many issues deserve to be elucidated, including the underlying molecular mechanisms and the
involved cellular pathways.
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Figure 4. Involvement of PRDM proteins in double-strand break (DSB) DNA repair. Many insults are
responsible for DNA double-strand breaks (DSBs) that impair DNA replication and proper chromosome
segregation. DSB repair system disfunction is frequently observed in cancer, thus rendering cells prone
to transformation. PRDM2/RIZ1 and PRDM9 are implied in the DSB repair complex, which is essential
for ensuring accurate DNA repair and maintenance of genomic integrity. First, PARP is recruited at
the DSB where it catalyzes the formation of poly (ADP-ribose) chains, facilitating the docking of the
MRN complex to the DSB. The MRN complex, with its nuclease activity and DNA binding capability,
is involved in the initial processing of DSBs. Subsequently, ataxia telangiectasia mutated (ATM) kinase
induces the recruitment of the mH2A1.2/RIZ1 complex at DSB sites. PRDM2/RIZ1 induces the H3K9me2
and in that way enables a dynamic switch in chromatin conformation. Finally, the mH2A1.2/RIZ1
module recruits BRCA1. PRDM9 also affects the DSB initiation and repair, thus allowing genetic
exchange between chromosomes.

2.3. MECOM/PRDM3

PRDM3/MECOM (MDS1 and EVI1 Complex) locus was firstly identified as a site of proviral
insertion in murine myeloid leukemias [86,87]. This locus is localized at chromosome band 3q26.2
and is formed by the fusion of two coding genes with two distinct transcription starting sites and
isoform subgroups produced by alternative splicing events: myelodysplasia syndrome 1 (MDS1) and



Int. J. Mol. Sci. 2020, 21, 2648 14 of 46

ecotropic virus integration site 1 (EVI1) [88,89]. Hence, the PR domain-containing product is formed by
combining the two genes; the PR− isoform, named EVI1 or sPRDM3 (short PRDM3), can be transcribed
separately [88].

It is well established that chromosomal rearrangements or proviral insertion at the PRDM3 locus
gene, MECOM, are found in up to 10% of acute myeloid leukemia (AML) cases with poor survival
outcomes [86,90–95]. The expression levels of particular MECOM isoforms propose that the N-terminal
region of PRDM3 confers a tumor suppressor function, while the shorter EVI1 isoform is overexpressed
in several malignancies and could have oncogenic properties in both myeloid and solid tumors [96–98].
Intriguingly, in epithelial ovarian cancer, the increases in EVI1 DNA copy number and MDS1/EVI1
transcripts were associated with improved patient outcomes, whereas EVI1 transcript levels were
associated with a poor patient survival. Thus, favorable prognosis associated with increased DNA
copy number derived from the high expression level of the fusion transcript MDS1/EVI1 [99]. Later,
in ovarian tumors a high frequency of aberrant EVI1 splicing, generating novel isoforms, could
contribute to the pathophysiology of these cancers [100].

EVI1 is usually upregulated through the generation of oncogenic fusion proteins as a consequence
of rearrangements [101]; alternatively, it can also be upregulated by leukemogenic factors at the
transcriptional level [102]. Although increased levels of this protein in several leukemia subtypes
are well documented, data from ectopic expression of EVI1 are still weak [94]. Particularly,
results from mouse models were quite variable probably due to technical differences and/or to
the context-dependent oncogenic function of EVI1, which could be specific to certain hematopoietic
cell types [103–106]. A further reason could be that EVI1 by itself would not be sufficient to induce
a neoplastic disease [94]. Recently, an in vivo study demonstrated that EVI1 overexpression altered
hematopoiesis, with suppression of erythropoiesis and lymphopoiesis, and marked expansion of
myelopoiesis that eventually could result in leukemic transformation [94]. The underlying molecular
mechanism involved the upregulation of Spi1, encoding the transcription factor PU.1, a master regulator
of early myelopoiesis, that would drive the hematopoietic stem/progenitor cells towards the myeloid
lineage [94]. In a previous study, comprehensive genome-wide EVI1 binding and whole transcriptome
gene deregulation were observed in leukemic cells using a combination of ChIP-Seq and RNA-seq
expression profiling [107]. This study demonstrated that EVI1 directly bound to and downregulated
the master myeloid differentiation CEBPE gene and several of its downstream gene targets critical
for terminal myeloid differentiation. Additionally, EVI1 bound to and downregulated the serine
protease inhibitor (SERPIN)-B2 which might play an important role in enhancing cell proliferation by
preventing protection of Rb proteolysis and/or in the suppression of cell differentiation (Figure 3G),
as well as numerous genes involved in Jak-Stat signaling and in apoptosis mediated by ATP-dependent
purinoreceptors [107].

Functionally, several other mechanisms have been ascribed to this oncogene. EVI1 has been
implicated in the maintenance and expansion of normal hematopoietic stem cells [108,109]; particularly
in the hematopoietic system, EVI1 expression is restricted to long-term and short-term hematopoietic
stem cells and, under normal conditions, is transcriptionally silenced during hematopoiesis [109].
EVI1 exerts its biological effects mainly through the regulation of gene transcription by acting as
a sequence specific transcription factor, by modulating the activity of other transcription factors and
regulating promoter CpG island methylation [7,110]. For instance, the proximal set of EVI1 zinc fingers
is able to bind the N-terminal domain of the zinc finger transcription factor hypermethylated in cancer
1 (HIC1); in turn, this interaction deregulates the DNA binding and transcriptional activity of EVI1 on
the BCL-XL promoter, thus compromising the anti-apoptotic activity of EVI1 (Figure 2) [111].

As mentioned above, EVI1 overexpression has been observed in many solid tumors [112–114]
and its deregulation is often associated with poor prognosis [115,116]. For instance, a study detected
EVI1 overexpression in prostate cancer (PC); as observed in 10–50% of myeloid malignancies,
it did not result from genetic aberrations but from a still unknown alternative mechanism [89,115].
EVI1 knockdown impaired PC cell proliferation through a cell cycle progression blockade.
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Mechanistically, these changes might be at least in part mediated by reactivation of SMAD3,
a known transcriptional target of EVI1 [115,117]. EVI1 knockdown in PC cells also reduced migratory
potential and anchorage-independent growth while enhancing apoptosis sensitivity [115]. Additionally,
in a comprehensive expression and functional analysis, high EVI1 protein expression was observed in
breast carcinoma where it showed a prognostic significance in ER−, and especially triple-negative,
tumors [116]. EVI1 silencing reduced proliferation, apoptosis resistance, and tumorigenicity and these
effects were rescued by estrogen supplementation in ER+ breast carcinoma cells. Moreover, microarray
analysis identified G-protein-coupled receptor signaling as a possible effector mechanism, with KISS1
as a novel transcriptional target of EVI1, which together promote cell migration [116].

Further evidence revealed that EVI1 might act by regulating signaling pathways that ultimately lead
to increasing tumor cell proliferation and apoptosis suppression [118,119]. For instance, EVI1 protects
a variety of cells from stress-induced cell death that is dependent on JNK activation. Indeed, EVI1 was
able to associate with JNK through the first zinc finger domain and this association was required for
efficient JNK inhibition (Figure 3F) [120]. By protecting cells from apoptotic signals, suppression of
JNK activity might contribute to the oncogenic potential of EVI1 [120]. DNA-protein binding analysis
revealed that EVI1 could directly bind its target genes through its zinc finger domain and regulate the
expressions of different genes as GATA2, GATA3, and ZFPM2 [121,122].

Publicly available microarray datasets showed a negative correlation between EVI1 and all the
known EMT related transcription factors (SNAIL, SLUG, ZEB1, ZEB2, TWIST1, and TWIST2) in
colon cancer patient samples [123]. Particularly, SLUG, a master regulator of EMT, was regulated by
EVI1 through promoter binding [123]. In addition, EVI1 knockdown demonstrated its requirement
for metastasis of colon cancer cells [123]. Similarly, EVI1 could play an oncogenic role also in
nasopharyngeal carcinoma growth and metastasis [124]. In human ovarian cancer, an enriched fraction
of EVI1 target genes were identified by genome-wide ChIP-Seq and microarray studies. More than
25% of EVI1-occupied genes contained linked EVI1 and activator protein (AP)1 DNA binding sites
providing evidence for a synergistic cooperation between EVI1 and the AP1 family member FOS in the
regulation of cell adhesion, proliferation, and colony formation [125]. PRDM3 synergized with FOS in
the expression regulation of genes controlling cell invasion (Figure 1D).

Recent findings have suggested MECOM as a novel candidate gene for hereditary hematological
malignancies; indeed, a novel germline mutation within the ninth zinc finger motif was reported in
a family with developed myeloid malignancies [126].

As for PRDM2 gene, a mononucleotide repeat (A7) in exon 8 of MECOM coding sequences was
found to be a target for frameshift mutation (loss-of-function mutation) in colorectal cancers with MIN.
In the same study, the authors also observed intratumor heterogeneity (an important cancer hallmark)
of MECOM mutations in four of 16 analyzed cases (25%) [127].

Furthermore, our TCGA analysis revealed that this gene is mutated in about 20% of skin melanomas
as well as is frequently altered in bladder, colon, lung, and endometrial carcinomas, in more than
5% of cases [45]. Additionally, a MECOM downregulation in most of the analyzed malignancies was
observed [45].

2.4. PRDM4

Sequence tagged sitesmarker and radiation hybrid analyses mapped PRDM4 to human
chromosome 12q23-q24.1, a region putatively harboring tumor suppressor genes for ovarian, gastric,
and pancreatic cancers [128]. A later study recognized an involvement of PRDM4, which was
regulated by hsa-miR-373, in the gastric cancer recurrence with the potential to act as a new prognostic
biomarker in predicting recurrence risk for gastric cancer patients [129]. More recently, PRDM4 was
demonstrated to support yes-associated protein (YAP)-induced tumorigenesis probably via mediating
the expression of other YAP target genes, which finally contribute to cell invasion and metastasis
promotion. Particularly, PRDM4 mediated cell invasion by interacting with YAP at leukocyte-specific
integrin β2 (ITGB2) gene promoter (Figure 1D) [130].
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2.5. PRDM5

Since its first description, PRDM5 has been considered to have a tumor suppressor role. PRDM5
is silenced in human breast, ovarian, and liver cancers by CpG island methylation of its promoter
region. Moreover, its tumor suppressor function was corroborated by the G2/M arrest and apoptosis of
tumor cells upon infection of a recombinant adenovirus expressing PRDM5 [131]. Later, epigenetic
PRDM5 silencing was also shown in gastric and colorectal cancers, where its ectopic expression
determined a cell growth suppression [132]. Of note, PRDM5 promoter methylation was detected
in both primary colorectal and gastric cancers but not in noncancerous tissue specimens collected
from areas adjacent to the tumors [132]. Additionally, a comprehensive DNA methylation profiling
by bisulfite pyrosequencing, performed on normal and cancer samples after successful eradication of
Helicobacter pylori, recognized PRDM5 as a risk factor for gastric cancer development [133]. In addition,
an in vivo study demonstrated that Prdm5 knockout mice suppressed the number of Apc(Min)-driven
intestinal adenomas and regulated monoacylglycerol lipase expression [134]. Recently, a significant
PRDM5 promoter methylation was observed in BRAF mutant cancers of the serrated pathway whereas
minimal levels of methylation were detected in the BRAF wild-type cancers of the traditional pathway;
moreover, PRDM5 methylation was evident in a small proportion of serrated type polyps indicating
that this may be an early event in tumorigenesis [135].

Afterwards, other literature data confirmed the proposed role of PRDM5 as a tumor suppressor
since it is frequently downregulated in several malignancies. For example, aberrant DNA methylation
reduced PRDM5 expression in about 40.5% of cervical cancers, whereas normal tissues were
unmethylated [136]. Similarly, PRDM5 was frequently silenced by promoter methylation in multiple
cancer cell lines and tumor specimens, including nasopharyngeal, esophageal, gastric, cervical,
and hepatocellular carcinoma [137]. Regarding the underlying mechanism, PRDM5 might function at
least in part through negative regulation of aberrant Wnt/β-catenin signaling and oncogene expression
(Figures 3A and 5) [137].

Likewise, PRDM5 promoter was methylated and its gene expression was reduced at both mRNA
and protein levels in lung squamous cell carcinoma tissues. Promoter methylation significantly
correlated with tumor cell differentiation and lymph node metastasis, but not with tumor grade or
other parameters like age, gender, and smoking [138]. Consistently, 5-aza-2’-deoxycitydine inhibited
the proliferation of the SK-MES-1 lung cancer cell line and xenograft growth in nude mice, along with
reduced PRDM5 promoter methylation and its consequent increased expression [138–140]. Overall,
these data suggest that PRDM5 is a tumor suppressor in several human cancer types where it could
represent a molecular marker for diagnosis and prognosis and a promising target for their therapy.
Accordingly, this concept is also supported by a study in which repression of PRDM5 function, due to
deletions in its locus along with miR-182 sequence amplification, was shown to play a co-operative
role in ovarian cancers [141]. Finally, epigenome and transcriptome profiling of mouse primary liver
cancer identified Tbx3 and Prdm5 as major microenvironment-dependent and epigenetically regulated
lineage-commitment factors, a function that is conserved in humans [142].

However, PRDM5 could also play an opposite role in melanoma. Indeed, the results of a recent
study showed that Prdm5 potentiated the progression of murine melanoma through upregulating JNK
expression, suggesting that PRDM5 may function as an oncogene in this malignancy (Figure 3F) [143].

2.6. PRDM6

The PRDM6 gene encodes for a transcriptional repressor involved in the regulation of endothelial
cell proliferation, survival and differentiation; additionally, decreased copy numbers of this gene
were found in schistosoma-associated bladder tumors [144]. Accordingly, our TCGA analysis
revealed highly downregulated PRDM6 in bladder carcinomas [45]. Noteworthy, a meta-analysis
of genome-wide association studies correlated a single nucleotide polymorphism in PRDM6 gene
with both mammographic density and breast cancer susceptibility [145]. “Enhancer hijacking” has
been described as a mechanism in which genomic instability can lead to the utilization of an existing
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epigenetic structure to drive oncogene expression, for instance by repositioning a gene next to
super-enhancers. Interestingly, many “enhancer hijacking” events activating PRDM6 were observed in
a medulloblastoma molecular subtype [146].
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2.7. PRDM7

In our pan-cancer reanalysis of TCGA datasets, we observed an overexpression of PRDM7 gene
in hepatocarcinoma (LIHC) specimens [45]. Further, it was potentially associated with the risk of
developing cancer in Li-Fraumeni-like syndrome without TP53 mutations [147].

2.8. PRDM8

A whole-exome sequencing analysis on a small group of pituitary adenomas revealed genetic
variants in several genes, including PRDM8. In the same study, PRDM8 mRNA expression level was
approximately five-fold lower in invasive pituitary adenomas specimens compared with non-invasive
ones [148]. Otherwise, this gene was hypomethylated in primary and metastatic endometrial
cancers [149]. Recently, in two independent cohorts of hepatocellular carcinoma patients, a PRDM8
downregulation related to a shorter recurrence-free survival was observed [150]. Both in vitro
and in vivo experiments demonstrated that PRDM8 exerts its antitumor role by suppressing the
PI3K/AKT/mTOR signaling cascade through the regulation of nucleosome assembly protein 1-like 1
(NAP1L1) (Figure 3B) [150]. Suitably, our TCGA analysis found PRDM8 among the most downregulated
PRDM genes across human cancers thus suggesting a general role as a tumor suppressor gene [45].
Moreover, our mutation profiling and OncodriveCLUST analysis indicated that it could be a driver
gene in pancreas adenocarcinoma, where it is frequently mutated (16% of cases) [45].

2.9. PRDM9

PRDM9 is an essential enzyme in the progression of early meiotic prophase playing a key role
in the mechanisms of homologous recombination in most mammals [151]. Indeed, it influences the
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genetic exchange by determining the locations of meiotic recombination hotspots, where genetic
recombination occurs. Particularly, through its zinc fingers it binds DNA at specific sites in the genome,
where it trimethylates histone H3 at lysine 4 and 36 at surrounding nucleosomes [6]. These recognition
sites are 13-mer motifs, which are enriched in human hotspots. Furthermore, PRDM9 interacts with
other proteins to form complexes that facilitate the association of hotspots with the chromosomal axis
and affect the subsequent programmed DSB initiation and repair, thus allowing genetic exchange
between chromosomes (Figure 4). Of note, in the absence of PRDM9, these DNA breaks cannot be
repaired properly leading to several human pathologies, such as male infertility [151]. Indeed, meiotic
recombination is crucial for accurate chromosomal disjunction and genomic stability maintenance
during meiosis; likewise, homologous recombination also promotes genomic stability by repairing
DSBs in cells undergoing mitosis. Furthermore, the two processes involve overlapping molecular
machinery and comparable mechanisms whose dysregulation can often lead to diseases, including
cancer. Accordingly, PRDM9 was suggested to also interfere with mitotic genome regulation [152].
A recent study designed to map human PRDM9 binding sites revealed that human PRDM9 frequently
bound regulatory elements of protein coding genes, despite their low recombination rates, and it was
able to activate the expression of a subset of genes including the spermatogenesis-specific CTCFL and
VCX genes, thus providing evidence for novel functions of this protein [153].

The first meta-analysis of clinical data sets aimed to identify new cancer/testis genes and investigate
the expression profiles of human meiotic genes in normal and cancer tissues and cell lines; several
highly specific cancer biomarker genes, including PRDM9, were recognized as genes with oncogenic
characteristics [154].

Later, sequencing data revealed a substantial excess of rare allelic forms of PRDM9 in a cohort
of parents with children affected from B-cell precursor acute lymphoblastic leukemia (B-ALL).
This association was successfully replicated in an independent cohort of children with B-ALL,
where this excess was found particularly in aneuploid and infant B-ALL patients [155]. Since PRDM9
variability has been suggested to influence genomic instability, the authors of this study argued that
these rare allelic forms could be involved in the development of preleukemic clones in B-ALL patients
and proposed that an altered PRDM9 function in the parental germline could lead to the genomic
instability associated with childhood ALL [155]. Strikingly, these findings were then confirmed in
additional independent populations [156,157].

PRDM9 mutations have also been correlated with specific solid tumors. Indeed, in a study defining
a landscape of non-coding RNA (ncRNA) in the head and neck squamous cell carcinoma (HNSCC),
307 non-coding transcripts differentially expressed in HNSCC were significantly correlated with
patient survival, and associated with known gene mutations and chromosome alterations, including
PRDM9 mutations; particularly, piR-34736 was upregulated two-fold in HNSCC and correlated to
patient survival and PRDM9 mutation [158]. Very recently, a mutation analysis of histone lysine
methyltransferases in bladder cancer from TCGA datasets identified PRDM9 among the six genes
with a potential critical role in oncogenesis and prognosis of this cancer type [159]. Noteworthy,
our pan-cancer mutation analysis recognized PRDM9 as one of the most mutated genes of the PRDM
family with frequencies ranging from 0.5% to 15.4% and higher than 5% in multiple cancers, such as
DLBCL, HNSCC, endometrial, esophageal, stomach, and colon carcinomas, kidney and lung tumors,
and melanoma [45].

In a newly published pan-cancer analysis of TCGA data the authors revealed that aberrant
expression of PRDM9 was associated with an enrichment of somatic structural variants at sites
of binding and activity in several cancer types, thus hypothesizing a novel mechanism underlying
genomic instability during tumorigenesis based on the possibility that there are putative uncharacterized
genomic features and binding sites leading to these variants [160]. Taken together these pan-cancer
studies strongly indicate a role of PRDM9 in oncogenesis possibly through its function in DSB repair.
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2.10. PRDM10

Using RNA-seq and other methodologies, analysis of 84 soft tissue sarcomas revealed that
a significant subset of low-grade undifferentiated pleomorphic sarcoma (UPS) showed a gene fusion of
PRDM10 either with MED12 or CITED2, suggesting that these rearrangements were specific for this
less aggressive UPS subset [161]. Moreover, PRDM10-rearranged soft tissue tumors are characterized
by pleomorphism and a low mitotic count [162]. Currently studies using integrated bioinformatics
and network analysis have also recognized the role of PRDM10 in the onset, progression, and drug
resistance of many malignancies, such as hepatocellular, prostate, and nasopharyngeal carcinoma,
as well as gastric and rectum cancers [163–168]; although in our previous TGCA analysis, PRDM10 was
either mutated or overexpressed in certain cancer types [45]. As a possible mechanism, PRDM10 protein
could affect BCL2 gene expression at the transcription level, thus influencing apoptosis (Figure 2) [169].

2.11. PRDM11

In childhood ALL, whole-exome-sequencing and whole-genome-sequencing revealed that
homozygous non-synonymous coding mutations negatively affected PRDM11 function [170].
In addition, PRDM11 showed anti-tumorigenic effects in an Eµ-Myc mouse model of B cell lymphoma.
Indeed, deletion of PRDM11 accelerated Myc-driven lymphomagenesis, while its overexpression
induced apoptosis and delayed lymphoma onset. Moreover, patients with PRDM11-deficient
DLBCL, belonging to the nongerminal center B-cell-like subtype, had poorer overall survival.
A putative mechanism involved the direct expression regulation of key oncogenes such as Fos
and Jun (Figure 3G) [171].

It is well known that pseudogenes regulate the expression of protein-coding genes through their
function as microRNA sponges. In a recent study, an integrative systems biology approach was
applied to identify disease pseudogenes based on a ceRNA (competitive endogenous RNA) hypothesis
in lung adenocarcinoma (LUAD). Interestingly, PRDM11 was recognized as part of a triple ceRNA
(miR-21-5p-NKAPP1-PRDM11) associated with the poor prognosis of LUAD [172].

2.12. PRDM12

Several studies indicated that PRDM12 might act as a tumor suppressor gene in human chronic
myeloid leukemia with derivative chromosome 9 deletions or rearrangements [173–175]. Moreover,
integrated analysis of genetic abnormalities of the KMT in PC from TCGA, identified PRDM12 as
a gene with a pathogenetic role in this type of cancer [176]. Our previous pan-cancer analysis on
TCGA data showed that PRDM12 is upregulated in many tumors including colon cancer [45] and
interestingly, is not expressed in adult normal tissues. Accordingly, another study also found that
this gene is expressed only in dorsal root ganglia but not in other adult tissues, thus explaining its
established role in pain perception [177]. Therefore, further studies investigating the involvement of
PRDM12 in malignancies and its possible use as a tumor biomarker are warranted.

2.13. PRDM13

PRDM13 was reported for the first time as a tumor suppressor in medulloblastoma, in a study
aimed at identifying novel tumor markers and targets for brain tumor immunotherapy through
the isolation of tumor antigens by the SEREX (serological analysis of cDNA expression libraries)
approach [178]. A more recent analysis included PRDM13 among genes with differentially methylated
CpG sites in men with PC recurrence compared to men with no evidence of recurrence, with higher
methylation levels observed in the men with recurrent PC [179].

An in vitro study demonstrated that PRDM13 was involved in malignant glioma cell progression
since the overexpression of PRDM13 was able to inhibit proliferation, migration, and invasion of U87
cells and decreased the percentage of cells in the S-phase of the cell cycle, suggesting that PRDM13
may influence DNA replication. PRDM13 inhibited cell proliferation by upregulating INCA1, a CDK
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inhibitor and ADAMTS12, a novel antitumor protease that modulates the extracellular signal-regulated
kinase signaling pathway (Figure 3G). Additionally, PRDM13 upregulated deleted in liver cancer
1 (DLC1) and Rho GTPase-activating protein 30 (ARHGAP30) genes, thus inhibiting cell invasion
(Figure 1D). The main limitation of this in vitro study was the usage of only one cell line [180]. Thus,
future investigations on the possible involvement of PRDM13 in glioma are required, taking into
account the analysis of further cell lines and tissue specimens. These results could provide the biological
basis for a novel therapeutic approach in glioma. Interestingly, in our pan-cancer reanalysis of the
RNA-sequencing datasets from TCGA, we observed a high overexpression of PRDM13 in many cancer
types; these included carcinomas from head and neck, bladder, kidney, lung, cervical, and colorectal
tissues [45]. Furthermore, exome data indicated that this gene is generally mutated at low frequencies
in tumors, with lung squamous cell carcinoma (LUSC) as the most mutated one (3.4%) [45].

2.14. PRDM14

In the last decade, several studies have ascribed an oncogenic role to PRDM14. In a panel of breast
cancer cell lines and tissue specimens, PRDM14 was highly expressed at both mRNA and protein levels
whereas low or no expression was observed in non-cancerous tissues. The analysis of gene copy number
suggested that the mechanism could be gene amplification on chromosome 8q13, a region frequently
altered in a wide variety of human tumors [181]. Of note, PRDM14 gene amplification was associated
with high mitotic index, histological grade, and distant metastasis in breast cancer specimens [182–184];
although no significant differences in copy number were observed between ductal carcinoma in
situ and adjacent infiltrating ductal cancer [183]. In vitro experiments showed that while ectopic
PRDM14 expression enhanced cancer cell growth and resistance to chemotherapeutic drugs, PRDM14
knockdown was able to induce apoptosis and increase sensitivity to chemotherapeutic drugs [181].
It is well known that PRDM14 is specifically expressed in preimplantation embryos, primordial germ
cells, and embryonic stem cells, where it ensures pluripotency by either repressing or activating its
target genes via multiple epigenetic mechanisms [185]. More recently, in vitro and in vivo experiments
were set up to ascertain whether and how PRDM14 could also confer stem cell-like properties and
epigenetic changes to cancer cells. As expected, PRDM14 resulted as markedly expressed in cancer
tissues and correlated with poor survival of breast cancer patients. More importantly, PRDM14 was
required for the stemness phenotypes of breast cancer cells and induced epigenetic changes finally
regulating the expression of genes involved in cancer stemness, metastasis, and chemoresistance.
Specifically, it reduced DNA methylation of proto-oncogene and stemness gene promoters, whereas it
enhanced methylation of tumor suppressor genes in cancer cells [186]. PRDM14 silencing strongly
reduced the stem cell phenotype and inhibited breast cancer cell line proliferation, tumorsphere
formation, and suppressed cell growth in the presence of low concentrations of anticancer drugs.
Furthermore, the effects of PRDM14 specific siRNAs were also investigated in vivo on the growth of
tumor xenografts and metastasis with successful results and no adverse effects; these beneficial effects
were also confirmed in a conditional Prdm14 knockout MMTV-Wnt-1 transgenic mice, a spontaneous
murine model of breast cancer suggesting that PRDM14 inhibition may be an effective and novel
therapy targeting cancer stem cells (Figure 5) [186,187].

Interestingly, recent in vitro and in vivo experiments established that hyperglycemia could
contribute to the worsening of breast malignancies by promoting invasion and hyperactivation of
the cancer stem cells; mechanistically, miR-424→cdc42→prdm14 axis could be the key molecular
signaling cascade influencing breast cancer progression in diabetic patients [188]. In particular, miR-424
knockdown induces cdc42 expression that in turn positively regulates PRDM14 through the activation
of p-21-activated kinase 1 (pak1) and stat5 (Figure 1F). Moreover, in triple negative cancer cells PRDM14
directly binds the heat shock proteins HSP90α and glucose-regulated protein 78 (GRP78) through the
C-terminal region containing the zinc finger motifs. Since these genes were overexpressed in several
cancers, including triple negative breast cancers, and their inhibitors were able to counteract some
cancer phenotypes, these interactions might provide useful targets for cancer treatment [189].
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Since the first observation, PRDM14 has been implicated in many other cancer types, most of
them showing a similar mechanism involving its role in stem cell pluripotency. For instance, a mouse
lymphoblastic leukemia (LL) with retroviral integration displayed aberrant expression of Prdm14 [190].
In addition, PRDM14 was upregulated in about 25% of human lymphoid neoplasms with increased
frequencies in T-cell ALL and hyper-diploid precursor B-cell ALL. Interestingly, through the use of
mice transduced with bone marrow cells carrying a Prdm14-expressing vector and microarray analysis,
it was demonstrated that this gene is able to initiate leukemia due to expansion of a cell population
with features of common lymphoid progenitors, which expressed high levels of genes involved in
pluripotency, tumor initiation, early B-lineage commitment, the oncogenic Wnt/Ras signaling pathways,
and EMT [191]. As in human ALL, mice with LL induced by Prdm14 aberrant expression showed
widespread aneuploidy and copy number alterations, indicating significant chromosomal damage
due to failure to activate genes involved in chromosomal stability and DNA repair pathways [192].
The inducible overexpression of Prdm14 in a mouse model prompted a rapid-onset and highly penetrant
T-cell ALL with high levels of activated NOTCH1 and its downstream targets [193]. More recently,
in a derived inducible FLAG-PRDM14 mouse model, PRDM14-induced T-cell ALL was driven by
activated Notch1 through a RAG-mediated deletion-based mechanism (Figures 3E and 5) [194].
Furthermore, novel findings demonstrated that PRDM14 requires the master hematopoietic regulator
CBFA2T3 to initiate leukemia in progenitor cells [195].

In the last years, PRDM14 has been widely studied in lung cancer. Indeed, immunohistochemistry
and Western blotting followed by univariate and multivariate analyses were used to examine
PRDM14 expression in both primary lung cancers and matched lymph node metastases and to
determine the association between its expression and prognosis. As result, increased PRDM14
expression was found to significantly correlate with differentiation of radically resected tumors and
was an independently significant predictor of patient survival. These findings suggested that this
gene could be a potential biomarker for predicting unfavorable prognosis in non-small cell lung
cancer [196]. Consistently, PRDM14 overexpression promoted cell migration through extracellular
matrix degradation in a human lung cancer cell line [197]. Otherwise, PRDM14 inhibited 293T
cell proliferation by influencing G1/S-phase transition and impacted cell migration by regulating the
expression of matrix metalloproteinase (MMP)/tissue inhibitor of metalloproteinases (TIMP) suggesting
a cell context behavior (Figure 1F) [198]. A multiplex ligation-dependent probe amplification study in
tumors and matched normal tissues from 82 patients with non-small cell lung cancer, found frequent
copy number alterations of chromosome 8, with PRDM14 as the most frequently amplified gene [199].
More recently, overexpression of PRDM14 was observed also in pancreatic cancer, where it could
sustain cell pluripotency; indeed, PRDM14 knockdown suppressed cancer stem-like phenotypes,
including liver metastasis, via miR-125a-3p regulating Fyn expression (Figure 1F) [200]. Additionally,
PRDM14-positive cells were also detected through immunohistochemistry analyses in precursor
pancreatic intraepithelial neoplasia and chronic pancreatitis lesions, a pancreatic cancer risk factor [201].
Alterations of the 8q13.2 region with PRDM14 copy number gain were also found in intracranial germ
cell tumors [202] and in head and neck cancer [203].

A genome-wide association studies (GWAS) analysis identified nine new susceptibility loci
associated with testicular germ cell tumors; these loci comprise genes conceivably related to the
development of this cancer, including PRDM14, which is essential for early germ cell specification [204].
Accordingly, elevated PRDM14 expression was recently detected in all the tested germ cell tumors,
a heterogeneous group of tumors occurring in gonadal and extragonadal locations, except for teratomas;
in these tumors PRDM14 may act by blocking differentiation [205].

Overall, the oncogenic functions of PRDM14 described so far involve its full-length isoform
containing the PR domain; however, it is unknown whether a PR− isoform exists for PRDM14,
or whether it has tumor suppressor activity. Indeed, possible behavior as a tumor suppressor gene has
emerged from several studies reporting alterations in the PRDM14 promoter methylation. Analysis
of high-risk human papillomavirus (HPV)-positive cervical scrapes revealed significantly increased
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methylation of three genes, including PRDM14, in women with high-grade cervical disease compared
to controls [206]. Later, PRDM14 silencing was found through hypermethylation of its promoter
in HPV-positive cancers, and ectopic expression of PRDM14 in HPV16-positive cancer cell lines
induced apoptosis, possibly due to a direct upregulation of the pro-apoptotic genes NOXA and
PUMA [207]. Although this different role of PRDM14 could be explained with the expression of HPV
oncogenic proteins in those tumors, the same epigenetic changes were found also in other cancer types.
Particularly, significant increases in PRDM14 methylation were revealed in high-grade non-muscle
invasive bladder cancer and in colon carcinogenesis [208,209]. Similarly, PRDM14 was recently added
to a gene panel utilized, also in clinical trials, for the diagnosis of lung cancer through the analysis of
DNA hypermethylation of biomarkers in sputum, thus denoting its silencing in these tumors [210–212].
Collectively, these findings indicate a role for PRDM14 as a tumor suppressor gene; this would be
in contrast with the above described studies, which reported a general overexpression of this gene
in several tumors, including lung cancer, suggestive of an oncogenic activity [196,197]. In order to
elucidate this dual role of PRDM14 in cancer further studies are still required. In particular, the potential
existence of alternative isoforms with different activities should be investigated; moreover, proteomic
and biochemical analyses in pan-cancer could add novel insights to this topic.

2.15. PRDM15

PRDM15 was identified as a candidate tumor suppressor gene, since localized homozygous
deletions were revealed at 21q22 chromosome region in several pancreatic cancer cell lines [213].
Then, microarray-based studies recognized PRDM15 as a novel overexpressed gene in human B
cell lymphomas [214]. More recently, recurrent mutations were observed in refractory patients
with DLBCL [215]. Of note, a recent mechanistic study demonstrated that PRDM15 modulates
the transcription of upstream regulators of Wnt and MAPK-ERK signaling to safeguard naive
pluripotency [216]. Particularly, PRDM15 regulates Spry1 and Rspo1 transcription through the direct
binding of a specific DNA sequence in their promoter regions. Activation of Rspo1 and Spry1 gene
expression leads to inhibition of the MAK-ERK pathway and activation of Wnt/β-catenin pathway,
respectively (Figure 5).

2.16. PRDM16

PRDM16 gene was initially designated as MEL1 (MDS1/EVI1-like gene 1), because it shared the
same domain structure as MDS1/EVI1 (MECOM); it was expressed in leukemia cells with t(1;3)(p36;q21)
but not in other cell lines or tissues, suggesting that this gene could be specifically activated in
a subset of myelodysplastic syndrome and AML [217]. Of note, two translation products were
identified, the full-length protein MEL1 (now PRDM16 or fPRDM16) and an alternative short
product, MEL1S (sPRDM16), mostly lacking the amino-terminal PR domain and expressed mainly in
t(1;3)(p36;q21)-positive leukemia cells. Since MEL1S overexpression blocked induced granulocytic
differentiation of murine myeloid cell lines, this isoform was considered as one of the possible
causative factors in the pathogenesis of myeloid leukemia [218]. Moreover, the aberrant expression
of MEL1S/sPRDM16, associated with DNA hypomethylation, was correlated with dysregulation
of TGF-β-mediated signaling suggesting that MEL1S might be responsible for TGF-β resistance in
leukemogenesis of adult T-cell leukemia [219]. Noteworthy, its overexpression was also shown to
induce myeloid leukemia in p53 knock-outmice through an abnormal growth of stem and progenitor
cells [220]. Then, PRDM16 was also found as the fusion partner of RUNX1 in the t(1;21)(p36;q22),
a recurrent chromosome abnormality associated with therapy-related AML [221,222]. Other data
suggested that the RUNX1/PRDM16 fusion gene could contribute to immortalization of the leukemic
stem cell and play an important role during clonal evolution from chronic myeloid leukemia (CML)
to AML and imatinib resistance [223,224]. In addition, cryptic and partial deletions of PRDM16
and RUNX1 without t(1;21)(p36;q22) and/or RUNX1-PRDM16 fusion were detected in a case of
progressive CML suggesting that different mechanisms of chromosomal rearrangement may occur in
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these malignancies [225]. Successively, additional PRDM16 translocation partners, fusion transcripts
and other rearrangements have been detected in leukemia cases with a poor prognosis, most of them
showing an upregulation of this gene as a common feature [226–231].

Actually, several studies have established that high PRDM16 expression is independently
associated with adverse outcomes in both adult and pediatric AML patients [232–235]. Accordingly,
low expression of PRDM16/MEL1 was associated with favorable disease and suggested as a specific
anti-leukemic mechanism [236,237]. More recently, a study suggested that different mechanisms,
acting at protein level, like SUMOylation of sPRDM16, might also play an important role in the
progression of AML [238]. Interestingly, PRDM16 displays various similarities with EVI1/MECOM.
For instance, PRDM16 is also a common target site for viral integration [239–241]. Moreover,
these PRDM genes both codify for short and full-length protein isoforms and are mutually involved in
AML rearrangements [232,242,243]. The mouse model of conditional Prdm16 deletion elucidated the
role of these two isoforms in normal and leukemic hematopoiesis and identified sPrdm16 as one of the
drivers of prognostically adverse inflammation in leukemia [244]. Notably, unlike the PR− isoforms,
both full-length isoforms of PRDM16 and MECOM exhibited a significantly enriched association with
components of the NuRD chromatin remodeling complex [245].

To date, rearrangements of the chromosomal region encompassing PRDM16 have been observed
not only in hematopoietic malignancies but also in several solid tumors though with different
and/or conflicting results, which altogether indicate this gene may function as both oncogene and
tumor suppressor gene. For instance, genome-wide array based comparative genomic hybridization
(array-CGH) defined distinct amplifications in osteosarcoma, involving PRDM16 [246]. Otherwise,
array-CGH integrated with gene expression analysis of leiomyosarcoma revealed a frequent loss at
1p36, which contains PRDM16, suggesting that this defect could promote muscle differentiation in this
context [247]. Similarly, integrated analysis of uterine leiomyosarcoma revealed PRDM16 deletions
and/or reduced expression [248]. In DNA array-CGH analysis of normal and sporadic colorectal
cancer specimens, analyses of gains of focal minimal common regions also included PRDM16 among
the candidate oncogenes of these malignancies [249]. Moreover, droplet digital PCR analysis to
detect copy number variations identified recurrent gains at PRDM16 region in hemangioblastoma
pathogenesis [250]. Previously, MEL1/PRDM16, together with SKI, was aberrantly expressed by
chromosomal co-amplification of 1p36.32 in gastric cancer cells [251]. Knockdown of these two genes
synergistically restored TGF-β responsiveness in gastric cancer cells and reduced tumor growth
in vivo; biochemical analysis demonstrated that MEL1/PRDM16 interacted with SKI and inhibited
TGF-β signaling by stabilizing the inactive Smad3-SKI complex on the promoter of TGF-β target
genes (Figure 3D) [251]. Similarly, PRDM16 high copy gain was also observed in a small cohort
using CGH [252]. Otherwise, a more recent study showed that miR-214 was able to inhibit PRDM16
expression thus promoting the proliferation and migration of gastric cancer cells and enhancing the
Warburg effect (Figure 3H) [253].

A possible role as a tumor suppressor gene has been proposed in lung cancer where PRDM16
is aberrantly methylated and its expression is low or absent [139,140]. Accordingly, the median
overall survival of both non-small cell lung cancer and LUAD patients with high levels of PRDM16
was significantly longer than that of cases with low levels of this gene [254–256]. Both in vitro and
in vivo analyses established that PRDM16 was capable of inhibiting the EMT of cancer cells by
repressing the transcription of Mucin-4 (MUC4), one of the regulators of EMT in lung adenocarcinomas
(Figure 1E) [256]. Otherwise, PRDM16 was overexpressed in astrocytoma patients due to promoter
hypomethylation and this high expression level correlated with poor prognosis [257]. The same
authors proved that the tumor suppressor miR-101 could reverse the PRDM16 hypomethylation
status thus suppressing its expression through direct epigenetic regulation, finally leading to
mitochondrial disruption and apoptosis [257]. Similarly, PRDM16 hypomethylation was also described
in glioblastoma [258] whereas a study suggested that PRDM16 hypermethylation level might be used
as a potential biomarker for the diagnosis of esophageal cancer [259]. Altogether, these findings
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indicate that PRDM16 methylation status, both hypermethylation and hypomethylation, is often
affected in distinct cancers, where this gene can play alternatively a role as an oncogene or as a tumor
suppressor gene.

Weighted gene expression network analysis has defined PRDM16 among the hub genes in renal
cell carcinoma with an effect on patient survival suggesting it might be considered as a novel candidate
biomarker of this malignancy [260]. Additionally, PRDM16 is highly overexpressed also in atypical
teratoid/rhabdoid tumor, a highly malignant brain tumor predominantly arising in infants; moreover,
it could have a functional role in human rhabdoid tumor cells since PRDM16 knockdown resulted
in reduced metabolic activity and proliferation [261]. A different approach identified PRDM16 as
a possible therapeutic target in PC. This study aimed to elucidate the function of human HMTs and
histone demethylase genes through RNA interference screening; PRDM16 was associated with evasion
from apoptosis, and its spliced form, sPRDM16, was found to be aberrantly expressed in PC cells [262].

It is accepted that PRDM16 plays a crucial role in the determination and function of brown and
beige fat [12]. Although previous evidence implicated white adipocytes in promoting aggressive breast
tumor behavior, a few studies have also associated brown adipocytes with this disease. Specifically,
expression of beige and brown adipose markers from host and tumor cells influenced breast tumor
growth in nude mice suggesting that manipulation of browning could represent a novel strategy to
inhibit tumor development [263]. Notably, browning of white adipose tissue is one of the significant
factors contributing to energy wasting in cancer cachexia. Two recent studies have also elucidated the
underlying molecular mechanism in mice. Firstly, the tumor secretory factor ZAG stimulated PPARγ
and early B cell factor 2 expression and promoted their recruitment to the Prdm16 promoter, leading to
enhanced expression of this PRDM member, which in turn determined brown cell fate [264]. Then,
a recent evaluation found that exosomes derived from gastric cancer cells could deliver the circular
RNA ciRS-133 into preadipocytes, promoting the differentiation of preadipocytes into brown-like cells
through PRDM16 activation and miR-133 suppression. Moreover, knockdown of ciRS-133 reduced
cancer cachexia in tumor-implanted mice, decreasing oxygen consumption and heat production.
These findings suggest that exosome-delivered circRNAs are involved in adipose browning and play
a key role in cancer-associated cachexia by targeting the miR-133/PRDM16 pathway [265].

Our TCGA analysis found that PRDM16 gene was mutated in about 6–7% of DLBCL and
it was frequently altered in many cases of skin cutaneous melanoma (7.8%) and endometrial
carcinoma (5.6%) [45]. Furthermore, a PRDM16 downregulation was observed in most of the
analyzed malignancies [45].

2.17. ZNF408/PRDM17

This gene is associated with familial retinitis pigmentosa and vitreoretinopathy [266]. To date,
no associations have been found with cancer; likewise, our TCGA analysis showed a slight
overexpression of this gene in some tumors and a low percentage of mutations across cancers,
with the highest frequency at 4% [45].

2.18. ZFPM1/FOG1

ZFPM1 was firstly named as friend of GATA1 (FOG) due to its isolation through the yeast
two-hybrid system using the conserved zinc finger DNA-binding domain of GATA1 [267]. Its protein
product bound GATA1 and acted as a transcriptional cofactor of this essential hematopoietic regulator.
It is co-expressed with GATA1 during embryonic development and hematopoiesis. Furthermore,
FOG and GATA1 synergistically activate transcription from a hematopoietic-specific regulatory region
and cooperate during both erythroid and megakaryocytic cell differentiation [267]. Later, an additional
GATA1 independent FOG function also in the early stage of megakaryocyte development was
suggested [268].

As expected from its function during hematopoiesis, several studies have shown a deregulation
of ZFPM1 and its related pathway in hematologic malignancies. For instance, an upregulation of



Int. J. Mol. Sci. 2020, 21, 2648 25 of 46

genes involved in erythroid differentiation, including GATA1 and ZFPM1/FOG1, was revealed in
molecular high-risk patients with cytogenetically normal AML [269]. Accordingly, tumor necrosis
factor (TNF)-alpha treatment inhibited differentiation in erythroleukemia induced cell lines through
a decreased FOG1 expression and a consequent decreased level of GATA1/FOG1 complex [270].
Likewise, wogonin, a flavonoid highly effective to treat hematologic malignancies, was able to induce
erythroid differentiation and cell cycle arrest in CML cells via regulating the function of GATA1 and
FOG1. Morever, wogonin significantly prolonged survival of CML-bearing mice by cell proliferation
inhibition suggesting that GATA1/FOG1 complex could be a target for CML treatment [271].

Furthermore, a study revealed that the leukemogenic CBFβ-SMMHC (CM) fusion protein, which is
known to disrupt myeloid and lymphoid differentiation, was able to affect adult erythropoiesis and
create stress-resistant preleukemic progenitors predisposed to malignant transformation; of note,
these progenitors displayed dysregulated erythroid and megakaryocytic fate determining factors
including reduced ZFPM1/FOG1 [272]. Additional mechanistic results from forced FOG1 expression
in human K562 erythroleukemia cells indicated that FOG1 has an important role in inducing cells
to differentiate toward the erythroid lineage rather than the myelo-lymphoid one by repressing the
expression of PU.1 [273].

Further insights came from a more recent study investigating the effect of immunomodulatory
drugs (IMiDs), analogues of thalidomide, on megakaryopoiesis. Despite their high response rates in
multiple myeloma patients, these drugs are also associated with severe thrombocytopenia; however,
the induction mechanism is still unknown. Results from this study showed that IMiDs could induce
self-renewal and proliferation of megakaryocytic progenitors by downregulating GATA1, ZFPM1/FOG1,
and NFE2 expression, finally leading to inhibition of megakaryocyte maturation [274].

Interestingly, more recent literature has suggested a possible involvement of ZFPM1 in solid
tumors. Indeed, in a first report ZFPM1 was identified as a new susceptibility locus for testicular
germ cell tumors in a multistage GWAS with a combined data set of >25,000 individuals [275].
Moreover, high expression of ZFPM1 was related with good prognosis of LUAD through the analysis of
RNA-seq, DNA methylation, and miRNA-seq data of squamous cell cancer samples downloaded from
TCGA [276]. Noteworthy, in the last months, two studies analyzing mutation data from TCGA with
different approaches have both assigned a role as a driver gene in human adrenocortical carcinoma
(ACC). Indeed, our pan-cancer analysis revealed ZFPM1/FOG1 mutation occurrence in about 50% of
ACC patients. Interestingly, these mutations were localized in a hotspot region and OncodriveCLUST
results suggested it could be putatively considered a cancer driver gene in this malignancy [45].
These results were confirmed by a complete analysis of the mutational data of ACC, which was
performed on the same public database and validated through further algorithms (Mutsig and 20/20
rule); this study identified a new ACC-specific gene mutation signature, also comprising ZFPM1
among the six genes [277]. In addition, in our analysis we found that ZFPM1 is mutated also in
colorectal cancers at relatively high frequencies [45].

2.19. ZFPM2/FOG2

A second cofactor for GATA family members, designated FOG-related factor (FOG2), codified
by ZFPM2, was identified in independent studies; it is particularly abundant in both murine and
human hearts and brains where it plays a key role during development [278,279]. FOG2 is able to
physically interact with all six known GATA family members (mainly with GATA4/5/6) by binding to
their N-terminal zinc finger [278,279]. Interaction of FOG2 with GATA4 leads to modulation of GATA4
transcriptional activity that can be either stimulatory or repressive, depending on the specific promoter
and the cell type [278,279].

Regarding its role in cancer, an initial observation established that FOG2, GATA4, and GATA6 were
expressed in human ovary and cultured ovarian somatic cells; moreover, their abundant expression was
detected in the human sex cord-derived ovarian tumors (granulosa and theca cell tumors) suggesting
they could also play a role in the growth and differentiation of ovarian stromal cells [279]. Later, animal
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model studies defined that the GATA4-FOG2 complex and FOG2 were both required for embryonic
ovarian development until the sex determination stage whereas postnatal regulation depended only
on GATA4 [280]. Furthermore, the altered expression of these factors also in ovarian granulosa cell
tumors and in pediatric sex cord-stromal tumors of the ovary, suggested that they may play a role in
tumor growth and progression of these cancers and may represent a prognostic factor in some sex
cord-derived tumors [281,282]. Similarly, GATA4, GATA6, and FOG2 are known to function during
fetal testis development and are all expressed in mouse and human Sertoli and Leydig cells; of note,
they are present also in cells from carcinoma in situ testis, which is the pre-invasive precursor of
testicular germ cell cancer, the most common malignancy among young males [283].

It is known that GATA3 is an essential regulator of mammary-gland morphogenesis and
luminal-cell differentiation; FOG2 was shown to act during mammary development even though
the consequences of Gata3 gene ablation in murine models were more severe than that of Fog2,
whose excision induced premature mammary gland involution [284]. Accordingly, while a consolidated
role has been established for GATA3 in human breast carcinogenesis, only few indirect observations
suggest a protective role for ZFPM2/FOG2 in this tumor [284–286].

In the last decade, several disease-association studies and RNA and protein expression analyses
have revealed a potential role for this gene, mainly as a tumor suppressor, in other cancer types. Most of
these studies explored ZFPM2/FOG2 together with the genes encoding for GATA factors. For instance,
immunohistochemistry, real-time RT-PCR, and microarray analysis showed a downregulation of
ZFPM2/FOG2 in aggressive but not in favorable primary neuroblastoma [287]. Bioinformatics analysis
of microarray data and genotyping of a ZFPM2 polymorphism indicated its possible role in glioma
and glioblastoma [288,289]. Similarly, integrated network analysis of microarray data predicted
ZFPM2 as one of the key genes regulated by parathyroid hormone receptor 1 in osteosarcoma [290].
Moreover, ZFPM2-ELF5 was identified by RNA sequencing among the fusion gene transcripts in
multicystic mesothelioma [291], whereas a ZFPM2 microdeletion was found in a case of adult Wilms
tumor [292]. More recently, a study reported the discovery of a novel lncRNA, ZFPM2 antisense RNA
1 (ZFPM2-AS1) and its critical role in gastric carcinogenesis through p53 pathway attenuation [293].
Interestingly, ZFPM2-AS1 has been also included in a seven-lncRNA signature for prognosis prediction
in hepatocellular carcinoma [294].

Finally, an interesting finding from a GWAS meta-analysis reported both ZFPM1 and ZFPM2 as
genes influencing the circulating levels of the angiogenic vascular endothelial growth factor (VEGF),
which is known to impact various physiological and disease processes including cancer [295].

Altogether, the results from the above-mentioned studies only provide minor independent
clues for a tumor suppressor role of this gene. A significant insight could derive from our TCGA
analysis [45]. Indeed, we found that, after PRDM9, ZFPM2/FOG2 was the most mutated PRDM gene
with pan-cancer frequencies of protein-affecting mutations higher than 1%; specifically, we detected
mutation frequencies higher than 5% in patients with skin cutaneous melanoma, lung tumors, uterine
carcinosarcoma, esophageal carcinoma, and stomach and rectum adenocarcinomas [45]. Noteworthy,
this gene was also the most downregulated gene among the members of this family [45].

3. Clinical Value of PRDMs in Cancer and Concluding Remarks

The framework outlined by the current knowledge on the PRDM protein family functions, strongly
suggests a valuable potential in cancer management, including diagnosis, prognosis, and therapy.
Indeed, the emerging data from TCGA analysis and other studies highlight tumor-specific alterations
of PRDM genes in all the tumors analyzed, where their expression was also significantly changed
compared to normal tissues (Table 1) [45]. The relevance of tumor-specificity lies in the possibility
of a novel tool for diagnosis or prognosis, not only relative to an organ-specific tumor but also to its
different subtypes. This evidence implies and puts emphasis on the possible use of PRDMs as novel
targets of therapeutic intervention that, in the last years, have become even more urgent.
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In this scenario, being involved in a multitude of pathways regulating several cancer-related
processes, ranging from cell metabolism to stemness, the pharmacological control of PRDM epigenetic
modulators represent a potential multi-target approach in cancer therapy (Figure 5). A hallmark of
cancer is the genomic instability that accounts for the increase in mutation frequency. It is well known
that genomic integrity is closely monitored by several surveillance mechanisms, including a DNA
damage checkpoint, DNA repair machinery, and mitotic checkpoint. A defect in the regulation of
any of these mechanisms often results in genomic instability, which predisposes the cell to malignant
transformation. Interestingly, PRDM2/RIZ1 and PRDM9 are implied in the DSB repair complex,
which is essential for ensuring accurate DNA repair and maintenance of genomic integrity [85]
(Figure 4).

Cell transformation is a multi-step process characterized by an increased proliferation rate
and survival, invasiveness, and metastasis. Some PRDMs are strictly implied in the regulation of
such processes. Indeed, PRDM proteins mediate the transduction of a plethora of cell signals like
steroid hormones, TGF-β, or epidermal growth factor (EGF) and control the expression of growth
factors, like insulin-like growth factor-1 (IGF-1) that modulate cell behavior (Figure 3). For instance,
PRDM2a/RIZ1 was shown to counteract the IGF-1 receptor and the downstream components ERK1/2
and AKT (Figure 3B) [73]. Additionally, it is well known that upon ligand binding, the transcription
factor ERα, a ligand-regulated transcription factor, stimulates proliferative and anti-apoptotic signaling
pathways in target tissues, such as human breast cancer cells. PRDM2a/RIZ1 is a downstream effector of
estrogen action and is related to estrogen-regulated cancer cell proliferation [76]. Indeed, ERαmodulates
the PRDM2/RIZ isoforms intracellular concentration ratio, by an indirect and selective decrease of
RIZ1 expression and a transcriptional activation of RIZ2 (Figure 3C) [49]. Moreover, MEL1/PRDM16
and MECOM/PRDM3 both exert a negative regulation of TGF-β signaling, an important player in
cytostasis and normal epithelium differentiation that is altered in several malignancies. Specifically,
MEL1/PRDM16 interplays by stabilizing the inactive Smad3-SKI complex on the promoter of TGF-β
target genes whereas MECOM/PRDM3 binds and inactivates SMAD3 proteins (Figure 3D) [115,117,251].
Similarly, several evidences revealed that PRDMs might act also by regulating tyrosine kinase receptor
(RTK) signaling. PRDM3, through its first zinc finger domain, associates and inhibits JNK activity,
thus protecting cells from stress-induced cell death that is dependent on JNK activation (Figure 3F) [120].
On the contrary, PRDM5 upregulates JNK expression (Figure 3F) [143]. Additionally, PRDM11 represses
the oncogenes Fos and Jun that are frequently induced by aberrant growth factor signaling or oncogenic
activation of MAP kinase cascade, such as constitutively active RAS (Figure 3G) [171].

Apoptosis is a mechanism useful to eliminate unnecessary or damaged cells, whose alteration
is frequently observed in cancers. Although the precise involvement of PRDMs is not unraveled
in this process, they are able to control the expression of different genes, such as BCL2 and TP53
genes, which play a pivotal role in apoptosis (Figure 2). For instance, PRDM1/BLIMP1 binds to
the TP53 promoter and represses its transcription. p53, in turn, binds to and positively regulates
PRDM1/BLIMP1 [45]. Furthermore, PRDM10 and MECOM/PRDM3 induce the expression of the gene
encoding the anti-apoptotic factor Bcl-2 while PRDM14 directly regulates the pro-apoptotic genes
NOXA and PUMA [119,169,207]. Furthermore, PRDM5 overexpression causes apoptosis of cancer cells
(Figure 2) [131].

Furthermore, in healthy cells and early-stage cancer cells, TGF-β signaling exerts
a tumor-suppressor function, including cell-cycle arrest and apoptosis. However, its activation
in late-stage cancer can contribute to metastasis and chemoresistance by inducing EMT. The EMT is
involved in spreading, stemness, and drug-resistance of cancer cells and represents a feature observed
in more aggressive and metastatic tumors. Particularly, TGF-β1 promotes the expression of the
transcriptional repressor PRDM1/BLIMP1 via c-Raf (RAF1) and AP-1 pathway. PRDM1/BLIMP1,
in turn, by reducing the expression of BMP-5, induces the expression of Snail (SNAI1), the EMT master
regulator (Figure 1B) [38]. Other PRDMs have been directly implicated in EMT (Figure 1). For example,
PRDM2 controls the expression of genes involved in EMT, with vimentin being the most significantly
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regulated gene (Figure 1E) [61]. PRDM16, on the contrary, inhibits EMT by repressing the transcription
of MUC4 (Figure 1E) [256]. Moreover, PRDM14 promotes cell migration by regulating the expression
level of MMP/TIMP, genes involved in EMT [198]. PRDM14 knockdown decreased cancer stem-like
phenotypes through upregulation of miR-125a-3p that subsequently downregulated Fyna mechanism
that is reported to regulate tumor phenotypes in pancreatic cancer (Figure 1F) [200].

Important insights arise from the role of some PRDMs in the control of Wnt/β-catenin and
Notch pathways. It is extensively reported that Wnt and Notch signaling are widely associated with
chemoresistance and cancer stem cells control, in different tumors, including colon, breast, pancreatic
cancers, and gliomas [296]. In recent years, the need of an effective strategy to eradicate cancer stem
cells, considering the tumor fuel, has become evident. Interestingly, PRDM1 and PRDM5 antagonize
the Wnt/β-catenin pathway. PRDM1 reduces the expression of Dkk1 while PRDM5 forms a chromatin
complex with CBP, TCF, and β-catenin that prevent the expression of Wnt target genes (Figures 3A
and 5) [43,137]. Similarly, PRDM15 modulates the transcription of upstream Wnt regulators [216].
Of note, through direct regulation of Notch pathway, PRDM14 was certainly associated with cancer
stem cells and thus chemoresistance [186]. Indeed, its silencing in breast cancer cells reduces cancer
stem cells phenotype and tumorsphere formation (Table 1 and Figure 1). In addition, in T-cell ALL,
PRDM14 binds an intron of Notch1 gene and modifies the chromatin structure by inducing H3K4me3,
allowing the access of the RAG recombinase complex. RAG deletes part of the Notch1 promoter and
consequently a truncated, ligand independent Notch1 protein is produced (Figures 3E and 5) [193,194].

Alterations in cellular metabolism are among the most consistent hallmarks of cancer and the
variability of metabolic reprogramming among cancer cells emerges from the relative contributions of
different oncogenes and tumor-suppressor genes. Cancer cells rewrite their metabolism to support
a rapid proliferation, survival, invasion, and metastasis. The enzyme monoacylglycerol lipase (MAGL)
was shown to supply and to orchestrate a fatty acid network enriched in oncogenic signaling lipids
that promote tumor progression and in vivo tumor growth [297]. MAGL blockade impairs migration,
invasiveness, and tumorigenicity in aggressive human cancer [297]. MAGL is a Wnt responsive gene
upregulated by Prdm5 loss and Wnt activation and Prdm5 was found able to target and regulate
MAGL in mouse fibroblasts and the small intestine [134]. Intriguingly, PRDM5 protein expression
is downregulated in human colon neoplastic lesions [134]. Beyond the well-recognized role exerted
by PRDM16 in the differentiation and function of brown and beige fat, the increase in the Warburg
effect arising from the downregulation of PRDM16 [251] strongly enforces PRDMs as players in the
metabolic reprogramming of tumor growth. Particularly, hypoxia-induced miR-214 inhibits PRDM16
expression, thus promoting both cell proliferation and migration and enhancing the Warburg effect
(Figure 3H) [253].

Additionally, since some PRDMs (e.g., PRDM1, 9, 11, 14, 16) are able to orchestrate the
differentiation of B and T lymphocytes, their involvement in the control of a more incisive immune
response to neoplasia cannot be excluded.

Finally, the recent discovery of MRK-740 as a potent, selective and cell-active substrate-competitive
PRDM9 inhibitor, opens the way for targeting the PRDM subfamily of SAM-dependent
methyltransferases [298].

Overall, this evidence dictates the interest in the PRDM protein family. Nevertheless, an important
issue to consider is the existence of PRDM protein isoforms with distinct and opposing functions,
as oncosuppressors or oncogenes. However, this dual behavior has been explored only for a small
number of members even though it is expected to be a general feature of this family [1–3]. Currently,
as reported for other families, many studies have highlighted the consequences of aberrant isoform
expression in triggering tumorigenesis and drug resistance, suggesting that dysregulation of alternative
transcription may be a key mechanism leading to cancer progression and drug resistance [299]. Thus,
it is evident that future studies will be moved to a complete and deep characterization of each member
of the PRDM family, in order to optimize their use as diagnostic or prognostic tools and improve
pharmacological research.
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Abbreviations

ABC Activated-B cell like
ACC Adrenocortical carcinoma
ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia
ARHGAP30 Rho GTPase-activating protein 30
ATM Ataxia telangiectasia mutated
CEBPβ CCAAT/enhancer-binding protein beta-2 isoform
ceRNA Competitive endogenous RNA
CIN Chromosomal Instability
CML Chronic myeloid leukemia
DKK Dickkopf-1 LDL low-density lipoprotein
DLBCL Diffuse large B cell lymphoma
DLC Deleted in liver cancer
DSB Double-strand break
EGF Epidermal growth factor
EMT Epithelial-to-mesenchymal transition
ER Estrogen receptor
FOG Friend of GATA
GCB Germinal center B-cell
GRP78 Glucose-regulated protein 78
HDAC Histone deacetylases
HMT Histone methyltransferases
HNSCC Head and neck squamous cell carcinoma
HPV Human papillomavirus
IGF-1 Insulin-like growth factor-1
IMiDs Immunomodulatory drugs
ITGB2 Leukocyte-specific integrin β2
KMT Lysine methyltransferases
LL Lymphoblastic leukemia
LUAD Lung adenocarcinoma
MAGL Monoacylglycerol lipase
MIN Microsatellite Instability
MMP Matrix Metalloproteinase
MUC4 Mucin-4
NAP1L1 Nucleosome assembly protein 1-like 1
PC Prostate cancer
PRDM PRD-BF1 and RIZ homology domain containing
RTK Tyrosine kinase receptor
SERPIN Serine protease inhibitor
TCGA The Cancer Genome Atlas
TGF Transforming growth factor
TIMP Tissue inhibitor of metalloproteinases
TXNIP Thioredoxin binding protein
VEGF Vascular endothelial growth factor
YAP Yes-associated protein
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